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EXECUTIVE  SUMMARY 


I.  MATERIALS 

The  University  Research  Initiative  on  High  Temperature  Structural  Composites, 
supported  by  DARPA/ONR  over  a  five— j~ar  period,  had  several  objectives  related  to  the 
materials.  The  first  was  to  identify  intermetallic  and  ceramic  matrix  materials  and 
suitable  fiber  reinforcements  for  new  composite  systems.  The  second  objective  was  to 
develop  suitable  processing  techniques  for  composite  production.  Finally,  a  major  portion 
of  the  program  was  devoted  to  modeling  and  characterization  of  composite  systems 
fabricated  in  our  laboratories. 

A.  INTERMETALLIC  COMPOUNDS 

Several  intermetallic  compounds  were  identified  early  in  the  program  as  suitable 
candidates  for  composite  matrix  materials.  These  included  NisAl,  TiAl,  NbjAl,  AljTa, 
MoSij,  NiAl,  FejAl  and  TaTiAlj.  Theoretical  predictions  of  thermodynamic  stability  of 
these  compounds  with  various  oxide,  carbide  and  boride  reinforcements  indicated  that  TiBj 
and  AI2O3  were  stable  in  contact  with  most  of  these  compounds.  In  the  latter  stages  of  the 
program  ductile  niobium  reinforcements  were  selected  for  study  due  to  the  ineffectiveness 
of  ceramic  reinforcements  as  toughening  agents. 

1.  Processing 

A  major  accomplishment  in  the  early  stages  of  our  program  was  the  identification  of 
reactive  sintering  or  self  propagating  high  temperature  synthesis  (SHS)  as  a  reliable  means 
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of  preparing  appreciable  quantities  of  the  intermetallic  compounds  from  their  elemental 
constituents.  Once  the  process  variables  (principally  powder  size  and  shape)  were 
optimized,  and  the  magnitude  of  the  exotherm  was  measured  for  each  system,  preparation 
of  composites  reinforced  with  ceramic  particles  or  fibers  was  easily  accomplished.  A 
variant  on  the  technique,  known  as  reactive  hot  isostatic  pressing  (RHIP),  was  developed 
to  improve  densefication  of  the  composites.  However,  when  it  was  clearly  established  that 
these  particulate  or  short,  randomly  oriented  fibers  were  ineffective  for  improving  ductility 
or  toughness,  a  new  powder  technique  was  introduced.  Powder  injection  molding  (PIM),  a 
process  well  known  for  polymeric  materials,  was  adapted  to  the  intermetallic  systems,  and 
we  were  successful  in  producing  aligned  short  fiber  components  of  NiAl  and  MoSij  with 
AI2O3.  Later  work  with  continuous  fibers  (principally  Nb)  incorporated  with  MoSij  was 
accomplished  by  hand  lay-up  techniques. 

Another  approach  to  preparing  intermetallic  matrix  composites  utilized  a  plasma 
spray  unit  to  co-deposit  MoSij  and  AljOj  layers.  Another  vapor  phase  technique, 
chemical  vapor  deposition,  was  carried  out  under  subcontract  to  prepare  MoSij/SiC 
laminates.  Plasma  spray  of  several  other  intermetallic  compounds  and  their  composites 
was  carried  out  as  follows: 

NisAl;  NijAl/ AljOj  laminates 

FeiAl;  FejAl/AljOj  laminates 

Ni;  Ni/AljOj  particles 

In  general  little  oxidation  was  noted,  densities  between  85  and  100%  of  theoretical 
were  obtained  and  numerous  non-equilibrium  defects  woe  observed  by  transmission 
election  microscopy. 


2 


In  conjunction  with  the  experimental  work  on  plasma  spray,  a  numerical  model  has 
been  developed  to  simulate  the  plasma  process.  This  code  aids  in  the  determination  of 
proper  particle  sizes  and  plasma  conditions  which  need  to  be  satisfied  to  produce  dense 
deposits. 


2.  Mechanical  Properties 

Limited  evaluation  of  mechanical  properties  was  carried  out  on  both  matrix  and 
composite  materials.  Hardness,  compression,  bend,  tensile,  fatigue  and  creep-fatigue 
studies  were  carried  out  on  several  systems.  Significant  toughening  of  the  intermetallics 
was  achieved  only  when  continuous,  aligned  metallic  fibers  were  incorporated  into  a  MoSij 
matrix.  However,  substantial  strengthening  of  NiAl  was  achieved  with  TiB2  particles  and 
with  several  solid  solution  alloying  elements,  principally  Hf.  It  was  shown  that  dispersion 
weakening  could  occur  when  TiBj  particles  were  added  to  a  Hf-alloyed  NiAl  matrix, 
confirming  work  reported  elsewhere  on  different  composite  systems.  Compression  creep 
experiments  on  MoSij  reinforced  with  Nb  particles  showed  a  sharp  increase  in  creep  rate 
due  to  the  particles.  Temperatures  ranged  from  1323— 1724K  and  stress  levels  studied  were 
10-100  MPa.  Linear  creep  with  time  was  noted  for  the  MoSi2  matrix. 

3.  ElfflBafflfltial  EffWti 

Intermetallic  compounds  often  display  appreciable  sensitivity  to  gaseous  or  liquid 
environments.  In  particular,  NijAl,  FejAl  and  Ti»Al  are  severely  embrittled  by  hydrogen 
at  low  temperatures,  and  Ni|Al  is  embrittled  by  oxygen  at  high  temperatures.  Therefore, 
several  investigations  of  the  influence  of  hydrogen  on  particulate-reinforced  intermetallics, 
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including  a  NijAl,Cr,Zr  alloy,  FesAl  and  a  model  NijFe  system  were  carried  out.  These 
tests  showed  that  particulate  or  fibrous  reinforcements  do  not  significantly  alter 
environmental  susceptibility.  Similarly,  oxygen  at  elevated  temperatures  was  found  to  be  a 
severe  embrittler  of  the  NijAl,Cr,Zr  alloy  at  elevated  temperatures.  Fatigue  crack  growth 
measurements  were  carried  out  at  several  test  temperatures  and  at  several  test  frequencies. 
The  relative  importance  of  creep  and  environmental  effects  on  crack  growth  rates  was 
established. 


4.  Oxidation 

Isothermal  and  cyclic  oxidation  experiments  were  carried  out  on  YTiAl  ,  NbAlj  , 
NiAl ,  MoSij  and  their  composites.  These  studies  are  described  below: 

a.  TiAl  and  Composites 

The  oxidation  behavior  of  gamma  TiAl  containing  40  wt.%  (54  at.%)  aluminum 
was  studied  at  050  to  1070*  C  in  air.  The  effects  of  niobium  and  alumina  reinforcements  on 
the  oxidation  of  TiAl  also  were  studied  over  this  temperature  range. 

Alumina  was  chosen  as  a  reinforcement  because  of  a  low  CTE  mismatch  with  the 
matrix  (8xl0~°*  /*C  vs.  llxlO^8  /* C)  and  an  inherent  chemical  compatibility  with  gamma 
TiAl.  Three  types  of  AljOj  fibers  were  used,  as  were  AljOj  particles.  FP  and  PRD166 
(AljOj  +  ZrOj)  fibers  were  chopped  to  lengths  of  3mm  and  Saffil  fibers  were  supplied  in 
lengths  of  200/jm.  The  chopped  fibers  were  mixed  with  the  elemental  titanium  and 
aluminum  powders,  cold  isostatically  pressed,  pre-reacted  at  800*  C,  and  then  consolidated 
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by  hot  isostatically  pressing  at  1350*  C.  After  fabrication,  the  composites  were  folly  dense 
and  X— ray  diffraction  confirmed  that  the  matrix  was  gamma  TiAl. 


The  specific  weight  gain  of  the  PRD166  reinforced  composites  was  greater  than  that 
of  the  monolithic  TiAl  and  increased  proportionally  with  the  volume  fraction  of 
reinforcement.  It  is  believed  that  stress— assisted  diffusion,  occurring  at  the  high 
fabrication  temperature  and  pressure,  produces  a  zirconia  sheath  at  the  perimeter  of  the 
fibers  and  dopes  the  matrix  with  zirconium.  Zirconia,  in  which  oxygen  diffuses  rapidly, 
allows  rapid  oxygen  diffusion  along  the  fibers  and  subsequent  oxidation  of  the  surrounding 
matrix.  This  localized  oxidation  is  responsible  for  the  increased  weight  gain  in  the 
TiAl— PRD166  composites. 

A  fiber— matrix  reaction  occurred  at  some  of  the  fibers,  predominantly  at  fiber 
clusters,  during  oxidation  at  950,  1020  and  1070*  C  in  air.  The  reaction  grows  at  a 
parabolic  rate,  produces  AI3OS  precipitates  in  the  matrix  and  dopes  the  matrix  with 
zirconium. 

The  matrix— PRD  166  reaction  results  from  localized  internal  oxidation  at  fiber 
clusters,  not  from  an  inherent  chemical  fiber-matrix  incompatibility.  Electron  microscopy 
shows  that  the  fiber  ends  are  not  covered  by  an  oxide  film,  thus  allowing  a  constant  supply 
of  oxygen  to  the  reaction  zone  surrounding  the  fibers.  Zirconium,  which  diffused  into  the 
matrix  during  fabrication,  increases  the  oxygen  diffusion  in  TiAl  and,  consequently, 
promotes  internal  oxidation.  The  internal  oxidation  along  the  PRD166  fibers  may  be 
suppressed  by  heat  treating  in  vacuum  or  increasing  the  aluminum  content  of  the  matrix 
from  40  to  48  wt.%. 
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In  contrast  to  the  PRD166-containing  composites,  TiAl  reinforced  with  FP  fibers, 
Saffil  fibers,  or  AI2O3  powder  did  not  exhibit  increased  weight  gain  during  oxidation,  as 
compared  to  monolithic  TiAl,  or  any  internal  oxidation.  The  lack  of  internal  oxidation  in 
these  composites  indicates  that  the  fiber-matrix  reaction  is  dependent  on  zirconium  for 
enhanced  oxygen  diffusion  along  the  fibers  and  in  the  TiAl  matrix.  In  composites 
containing  FP  or  Saffil  fibers,  the  alumina  reinforcement  reduces  the  matrix  surface  area 
available  for  oxidation  and,  thereby,  improves  their  isothermal  oxidation  resistance. 

The  oxide  adherence  on  monolithic  TiAl  during  cyclic  oxidation  is  poor,  as  indicated 
by  the  spalling  and  subsequent  rapid  weight  gain.  In  contrast,  none  of  the  composites 
exhibited  any  spalling.  Oxide  adherence  on  Ti— A1  alloys  appears  to  be  associated  with  the 
ability  to  form  a  continuous  alumina  film  and  the  absence  of  a  thick  external  Ti02  scale. 
Alumina  reinforcements  in  TiAl  promote  the  formation  of  a  continuous  AljOj  film,  which 
leads  to  improved  oxide  adherence  and  superior  cyclic  oxidation  resistance,  as  compared  to 
monolithic  TiAl. 


b.  NbAh  and  Composites 

The  oxidation  characteristics  of  reactively  sintered  NbAlj  were  analyzed. 
Reactively  sintered  NbAli  has  parabolic  oxidation  behavior  at  1000*  C  and  forms  a  layered 
oxide,  with  alternating  bands  of  AI3O1  and  NbAlOj.  A  phase  transformation  to  NbjAl 
occurs  as  the  NbAlj  is  oxidized.  This  result  is  in  agreement  with  those  of  Perkins  and 
others  who  examined  pack  aluminized  and  cast  NbAlj. 

The  oxidation  behavior  of  reactively  hot  isostatically  pressed  (RHIP)  NbAlj  and 
RHIP  NbAlj  reinforced  with  Saffil  was  studied  between  1000  and  1400*  C.  The  oxidation 
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resistance  of  the  composites  is  improved  at  15%  Saffil  but  harmed  at  5%  Saffil  compared  to 
the  monolithic  RHIP.  Hot  pressed  NbAlj  was  found  to  be  more  oxidation  resistant  than 
the  RHIP  materials. 


c.  NiAl  and  Composites 

The  oxidation  behavior  of  NiAl  and  NiAl  matrix  composites  was  examined  between 
800  and  1200*  C.  The  mass  changes  were  detected  with  a  continuously  recording  Cahn 
microbalance. 

The  mass  change  after  50  hours  for  RHIP  NiAl  and  RHIP  NiAl  and  RHIP  NiAl 
reinforced  with  10  and  20%  random  FP  alumina  fibers  was  determined.  These  results  show 
that  the  oxidation  resistance  is  not  affected  by  the  inclusion  of  the  fibers,  although  the  bulk 
surface  area  was  used  for  the  calculations  rather  than  the  effective  surface  area  of  the  NiAl. 
Use  of  the  effective  surface  area  would  have  resulted  in  an  increase  of  the  specific  mass 
change. 

The  mass  change  after  50  hours  for  the  RHIP  NiAl  is  not  deleteiiously  affected  by 
the  inclusion  of  HfBj  at  800  and  1000*  C.  However,  at  1200*  C  the  composite  exhibits  a  two 
times  increase  in  weight  compared  to  the  monolithic  material.  The  composites  reinforced 
with  20%  HfBj  have  a  two  times  weight  increase  at  800  and  1000*C  and  a  10  times 
increase  at  1200*  C  compared  to  monolithic  NiAl. 

NiAl  reinforced  with  TiBj  has  worse  oxidation  resistance  at  all  volume  fractions  and 
temperatures  when  compared  to  monolithic  NiAl.  There  is  also  an  apparent  discontinuity 
in  the  weight  change  data  that  occurs  between  1000  and  1200*C.  This  discontinuity  is 
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most  likely  due  to  a  change  in  the  oxide  that  is  formed  since  the  phase  diagram  indicates 
liquid  phase  formulation  at  1050*  C. 

The  oxidation  data  were  fitted  to  a  parabolic  equation  and  a  rate  constant  was 
determined.  The  rate  constants  were  in  agreement  with  the  mass  change  data  for  all  the 
samples  examined.  A12Oj  has  a  negligible  effect  on  the  rate  constant.  The  rate  constant 
for  NiAl/10%  HfBj  is  lower  at  800  and  1000*  C  than  monolithic  NiAl.  The  rate  constants 
for  the  TiB2  reinforced  composites  scale  with  the  volume  fraction  of  the  reinforcement. 

d.  MoSi*  and  Composites 

Cyclic  oxidation  experiments  were  carried  out  on  MoSij  and  MoSij-Nb  fibrous 
composites  at  1200*  C.  Initial  degradation  of  the  composites  were  a  result  of  Nb  fibers  on 
the  surface  oxidizing.  As  time  progressed,  cracks  developed  in  the  matrix  due  to  the 
volumetric  expansion  associated  with  the  formation  of  niobium  oxide. 

B.  CERAMIC  MATRIX  COMPOSITES 

i.  Tfagmochsmical  CriwlatfoM 

The  thermochemical  computations  during  the  course  of  this  program  developed 
programs  based  on  the  principles  of  free-energy-mini  mi  sation  for  the  systems  involved. 
The  number  of  different  high  temperature  materials  investigated  exceeds  100,  and  the 
associated  reactions,  thermochemically  analysed,  amount  to  several  hundred  different 
processes. 
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A  computational  thermodynamic  analysis  of  group  IV,  V  and  VI  transition  metal 
borides,  carbides,  nitrides,  and  oxides  established  the  thermal  stability  limits  of  these 
materials.  For  selected  boundary  conditions,  these  computations  yielded  the  relative 
stabilities  of  compounds  in  the  different  classes  investigated.  The  results  of  this  analysis 
provided  the  basis  for  a  large  number  of  specific  investigations  dealing  with  critical 
processes  of  high  temperature  ceramic  materials.  These  are  summarized  in  the  following. 

*  Evaluation  of  thermal  stabilities  and  surface  recession  rates  of  borides,  carbides, 
nitrides,  and  oxides  of  boron,  aluminum  and  silicon  and  of  MgO,  BeO,  YjOj,  and 
CeOj. 


The  results  of  this  work  revealed  the  expected  lifetimes  of  materials  under  various 
temperature  conditions. 

*  Computation  of  volatility  (partial  pressure)  diagrams  for  various  oxides  and 
nitrides,  e.g.,  AljOj,  MgO,  BeO,  ZrOa,  SiOj,  BN,  AIN,  and  SijN^ 

The  resulting  phase  diagrams  established  quantitative  boundary  conditions  in  terms 
of  temperature  and  atmospheric  conditions. 

*  Computation  of  phase  stability  diagrams  for  the  systems  Si— N-O,  B— N— 0, 
Si-C-N-O,  and  others. 

This  is  an  application  of  stability  computations  to  important  ternary  and 
quarternary  systems. 


9 


*  Computation  of  environmental  stability  (oxidation,  nitridation,  vaporization)  for 
borides,  carbides,  nitrides,  and  oxides  of  various  refractory  metals. 

This  analysis  is  concerned  with  the  simultaneous  occurrence  of  oxidation, 
nitridation,  and  mass  loss  (vaporization). 

*  Thermochemical  compatibility  of  C,  SiC,  SijN*,  TiB2,  and  AljOj  reinforcements 
with  various  oxides,  borides,  and  nitrides  based  matrices  and  coatings. 

*  Chemical  compatibility  and  environmental  stability  of  TiB2,  ZrB2,  and  HfB2  with 
AI3O3,  Ti02,  Zr02,  and  Hf02. 


*  Analysis  of  chemical  compatibility  of  SiC,  TiB2,  and  AI3O3  reinforcements  with 
nickel  aluminides  (TijAl,  TiAl,  and  TiAli). 

*  Environmental  stability  and  chemical  compatibility  of  various  reinforcements  in 
molybdenum  disiliride  matrix. 

The  above  topics  deal  with  important  interfacial  reactions  which  determine  the 
practical  limitations  of  composite  materials. 

*  Estimation  of  thermal  expansion  behavior  of  various  refractory  carbide  and 
nitrides,  e.g.,  TiC,  ZrC,  HfC,  VC,  NbC,  TaC,  TiN,  and  ZrN. 

The  last  topic  provided  the  basis  for  the  further  development  of  equations  for  the 
estimation  of  the  thermal  expansion  of  selected  materials. 
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The  combined  results  of  the  thermochemical  analysis  of  high  temperature  ceramic 
materials  and  ;nter actions  provided  important  and  new  insights  into  the  thermal  and 
environmental  behavior  of  these  materials.  The  results  also  demonstrate  the  importance 
and  practical  value  of  thermochemical  computations  for  the  application  and  modification  of 
existing  materials,  and  for  the  synthesis  of  new  materials.  The  agreement  between 
predicted  behavior  and  experimental  observations  of  investigated  systems  supports  the 
validity  of  our  theoretical  approach  and  of  the  thermodynamic  data  employed  for  these 
computations. 


2.  Thermal  Stability  and  Processing 

A  brief  summary  of  the  key  results  obtained  for  the  several  different  projects 
conducted  with  organometallic  precursors  follows: 

a.  Preparation  of  High-Yield  Precursors  to  Stoichiometric  SiC 

Our  work  in  this  area  has  focused  on  the  preparation  of  polymeric  precursors  to  SiC 
that  contain  a  stoichiometric  ratio  of  Si  to  C  hydrogen  as  essentially  the  only  additional 
component.  Two  different  routes  to  polymers  having  the  approximate  formulae, 
"[SiHjCHa]",  were  discovered,  leading,  respectively,  to  highly  branched  and  linear 
polycarbosilanes.  Both  polymers  were  found  to  have  high  ceramic  yields,  after  thermal 
processing,  and  gave  near-stoichiometric  SiC  on  pyrolysis  under  nitrogen. 

The  first  approach  developed  employs  Mg  as  a  coupling  agent  and  CliSiCHjCl  as 
the  starting  material.  The  resultant  "chloro  polymer"  (nominally,  "[SiCJjCHj]"  was 
converted  to  the  hydridopdymer  "[SiHjCHj]",  by  reduction  with  LiAlH«.  A  patent 
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application  covering  this  process  and  the  hydrido  polymer  as  a  new  composition  of  matter 
was  submitted  on  behalf  of  Rensselaer  to  the  US  Patent  Office  in  July  1990  by  the  AKZO 
Corporation  in  exchange  for  an  exclusive  license. 

A  structural  analysis  of  this  polymer  by  NMR  methods  have  revealed  a  complex, 
highly  branched  structure,  resulting  from  the  ternary  functionality  of  the  CljSi  end  of  the 
monomer  unit.  Despite  this  branching,  the  polymer  is  not  appreciably  crosslinked  and 
remains  liquid  and  highly  soluble  in  hydrocarbon  solvents.  This  "[SiH3CH2]"  polymer 
undergoes  crosslinking  through  loss  of  Hj  above  ca.  200*  C,  eventually  forming  a  gel,  and 
then  a  glass,  which  is  insoluble  and  exhibits  a  high  char  yield  on  pyrolysis  under  N2  to 
1000*  C  (co.  80%). 

The  second  approach  that  we  have  developed  to  obtain  a  "[SiHjCHj]"  polymer 
involves  the  ring-opening  polymerization  of  tetrachlorodisilacyclobutant,  [SiCljCHjJj.  The 
resultant  "chloropolymer"  is  again  reduced  to  the  hydridopdymer  with  LiAlH4.  In  this 
case,  however,  the  product  polycarbosilane  is  a  high  molecular  weight  linear  polymer  that 
contains  the  [SiHjCHjIn  repeat  unit.  This  polymer  is  also  a  liquid  at  room  temperature,  is 
soluble  in  hydrocarbons,  and  undergoes  pyrolysis  under  Nj  to  give  stoichiometric  SiC  in 
yields  approaching  the  theoretical  value  (up  to  91%)  by  1000*  C.  This  polymer  is  currently 
available  only  in  small  quantities  by  a  relatively  low  yield  process  and  is  not  expected  to  be 
competitive  in  the  short  term  with  our  branched  "[SiHjCHj]"  polymer  as  a  source  of  SiC 
for  composite  fabrication.  In  the  longer  term  this  may  change,  as  we  are  continuing  to 
explore  alternative,  low  cost,  high  yield  approaches  to  the  [SiClaCHj]]  monomer. 

Both  of  these  methods  are  fundamentally  new  approaches  for  SiC  precursor 
preparation.  The  new  polycar boeilanes  so  obtained  undergo  a  novel  thermally  induced 
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crosslinking  process  that  involves  elimination  of  Hj  from  SiHn  groups  on  the  polymer 
backbone.  They  show  considerable  promise  as  high  yield  precursors  to  stoichiometric  SiC 
and,  in  the  case  of  the  branched  polymer,  as  a  viable  source  of  SiC  coatings  and  matrices 
for  composites. 


b.  Studies  of  PrscCTamic  Polymer  Pyrolvses 

These  studies  have  focused  on  two  different  organo silicon  precursors,  a  vinylic 
polysilane  (Y— 12044)  previously  marketed  by  Union  Carbide,  and  the  "[SiHjCHj]"  polymer 
described  above.  Pyrolysis  of  both  polymers  gives  an  amorphous  "SiCn  ceramic  on 
pyrolysis  under  Nj  to  1000*  C;  however,  the  SiC  obtained  from  the  commercial  vinylic 
polysilane  contains  co.  17%  excess  C  and  undergoes  a  significant  weight  loss  on  heating  in 
air  above  co.  700*  C  whereas  the  "[SiHjCHj]"  polymer  gives  a  virtually  pure  SiC  product 
that  shows  no  weight  loss  on  heating  in  air  at  high  temperatures.  In  our  studies  of  the 
polymer-to-ceramic  conversion  process,  solid  state  NMR,  as  well  as  other  chemical  and 
microstructural  analysis  methods  were  used  to  follow  the  micro-  and  macroscopic  changes 
occurring  in  the  sample  on  heating  in  Ns.  The  NMR  studies  were  aided  by  collaboration 
with  Prof.  G.  Madel  of  Colorado  State  University  and  a  joint  postdoctoral  associate,  Dr. 
Paul  Marchetti,  both  of  whom  are  experts  in  solid  state  NMR  spectroscopy.  In  these 
studies  J*Si,  13C,  and  ‘H  NMR  spectroscopy  was  used  to  follow  the  local  structural  changes 
occurring  during  the  curing  (thermosetting)  and  subsequent  pyrolysis  stages  during  the 
conversion.  Key  findings  include  the  identification  of  vinyl  coupling  initiated  by  MejSi 
radical  formulation  as  the  main  thermosetting  mechanism  in  the  case  of  the 
vinyl-substituted  polymer,  whereas  the  "[SiHjCHj]"  polymer  apparently  thermosets 
through  interchain  Si-Si  bonding  after  loss  of  Hj  from  the  SiHz  groups  on  heating.  At 
higher  temperatures  in  both  polymers  the  "SiC"  network  structure  develops  through 


13 


radical  coupling  reactions  after  loss  of  Hj  (and,  in  the  case  of  the  vinylic  polysilane, 
hydrocarbons  and  volatile  organosilanes)  from  both  the  Si  and  the  C  atoms  of  the  polymer. 
Among  the  important  practical  consequences  of  this  study  is  the  finding  that  loss  of  H3 
from  SiHx  (x  >  2)  groups  can  provide  an  effective  crosslinking  mechanism  above  200*  C 
and,  therefore,  that  C-containing  functionalities  such  as  vinyl  groups  are  not  necessary  for 
effective  thermosetting  of  SiC  precursors. 

C.  Application  Of  Precm-amic  Polymer*  to  Obtain  Novel  Ceramic. 

Compositions  and  Nanocrvatalline  Composites 

We  have  found  that  both  homogeneous  solid  solutions  and  nanoscale  composite 
mixtures  of  SiC  with  AIN  can  be  obtained  on  pyrolysis  of  mixtures  of  the  polycar bosilanes 
and  dialkylaluminum  amides  (as  the  AIN  precursor)  and  that  the  ceramic  yield  of  the 
polvcarbosilane  is  generally  enhanced  in  the  presence  of  the  AIN  precursor.  This  opens  up 
the  possibility  of  using  the  "[SiHjCHj]"  precursor  not  only  as  a  source  of  SiC  coatings  and 
matrices  for  ceramic  composites  but  also  for  the  preparation  of  other  mixed-component 
ceramic  systems  that  may  be  more  advantageous  than  SiC  alone  as  a  matrix,  coating  of 
fiber  material.  In  particular,  alloying  of  SiC  with  AIN  has  been  reported  to  improve  its 
microstructural  stability,  inhibiting  the  exaggerated  grain  growth  that  is  known  to 
contribute  to  the  loss  of  strength  typically  observed  for  commercial  "SiC"  fibers  at  high 
temperatures  (1200-1800*  C). 

We  also  have  explored  the  use  of  both  precursor  mixtures  and  specially  prepared 
single  component  precursors  in  the  preparation  of  nanocrystalline  composites  of  AlN/Si»N4, 
BN/SijN*,  and  BN/TiN.  We  have  demonstrated  that  such  precursors  can  be  used  to 
obtain  extremely  fine-grained,  homogeneously  mixed  composite  powders  of  these 
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crystalline  ceramic  phases.  Such  mixed— phases  ceramics  may  have  application  as  matrices 
for  SiC— reinforced  composites  or  as  tough  monolithic  materials  in  their  own  right. 

d.  CVD  of  Interohase  Lavers  for  Composites 

In  the  area  of  CVD  of  fiber  coatings  for  high  temperature  composites,  we  have 
developed  an  effective  process  for  coating  SCS-6  SiC  fibers  with  yttria  and  have 
demonstrated  that  such  a  coating  is  effective  in  inhibiting  reaction  of  the  SiC  with  Ni 
during  the  fabrication  of  SCS-6-reinforced  NijAl  matrix  composites  by  reactive  sintering. 
In  this  study,  the  conditions  for  obtaining  a  uniform  adherent  coating  of  yttria  on  the 
SCS-6  fiber  by  using  a  tris — betadiketonate  complex  as  the  CVD  source  were  determined 
and  SiC/NijAl  composites  were  prepared  by  reactive  sintering  from  Ni  and  AI  powder 
mixtures.  The  presence  or  absence  of  a  reaction  between  the  fiber  and  the  matrix  was 
determined  by  means  of  SEM  and  scanning  electron  microprobe  methods  after  sectioning 
the  composites  both  perpendicular  to  and  along  the  length  of  the  SCS-6  fibers.  This 
approach  to  the  production  of  protective  fiber  coatings  using  betadiketonate  complexes 
should  be  generally  applicable  to  a  wide  range  of  other  oxides,  such  as  ZrOj,  AljOj,  and 
ScjOj. 

We  also  have  explored  the  use  of  cyclic  organosilicon  and  organoaluminum 
compounds  as  single-source  precursors  *'»  SiC  and  AIN  respectively,  both  of  which  ceramic 
materials  hold  promise  for  fiber  coatings  or  CVI-produced  matrices  in  high  temperature 
structural  composites. 

Detailed  studies  have  been  initiated  of  the  gas  phase  chemistry  occurring  on 
deposition  of  AIN  using  the  cyclic  organoaluminum  amide,  [MejAINHj]*,  a  compound 
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which  we  had  previously  identified  as  a  suitable  single  source  precursor  to  AIN.  Our 
objective  is  to  understand  the  precursor— to— ceramic  conversion  process,  so  as  to  enable  the 
effective  use  of  this  precursor  in  the  deposition  of  AIN  on  SiC  fiber.  Key  results  include  the 
development  of  a  molecular  beam  apparatus  for  time-of-Hight  measurements  on  the  base 
phase  species  and  its  application  in  the  identification  of  a  dimeric  form  for  this  precursor  in 
the  gas  phase  at  elevated  temperatures.  These  results  indicate  a  rapid  equilibrium  between 
monomer,  dimer  and  trimer  analogous  to  that  which  we  had  previously  observed  in 
solution. 


3.  Mechanical  Properties  of  Ceramic*  and  flMfl 

Mullite  (3AljOs  ,  2SiOj)  was  selected  for  study  as  a  matrix  for  ceramic  matrix 
composites  because  of  a  high  melting  point,  1890*  C,  and  a  low  density,  3.15  g/cc.  High 
purity  mullite  with  and  without  glass  at  the  grain  boundaries  and  second-phase  alumina 
was  synthesized  by  &  sol-gel  method. 

Three  compositions  of  chemically  pure  mullite  powders  were  synthesized  with 
controlled  phase  compositions,  densified  into  pellets,  and  creep  tested  at  temperatures  in 
the  range  of  1200  to  1600*  C.  Apparent  creep  activation  energies  of  740-820  kJ/mol  and 
stress  exponents  of  1.2— 1.6  were  measured  in  air  on  the  fine  grained  (<  1/ma)  mullites. 
Mullites  containing  glass  crept  about  an  order  of  magnitude  faster  than  the  crystalline 
compositions.  Samples  of  "single  crystal"  mullite  were  found  to  contain  impurities  and 
glass,  and  crept  at  approximately  the  same  rates  as  the  polycrystalline  mullite-with-glass 
composition.  Mullite  creep  literature  has  been  reviewed  and  related  to  microstructure  and 
test  technique. 
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The  compressive  creep  behavior  of  three  aluminosilicate  compositions  containing 
fine-grained  (<  l/an)  muliite  were  measured  in  air  at  1470— 1725K  and  15—100  MPa.  The 
mullite  with  second  phase  corundum  was  the  most  creep  resistant,  closely  followed  by  the 
single-phase  mullite,  which  was  about  an  order  to  magnitude  slower  than  mullite 
containing  second  phase  glass.  The  creep  activation  energies  (740-820  kJ/mol),  stress 
exponents  (1.2-1.6),  the  magnitudes  of  the  creep  rates  and  the  microstructural 
observations  by  SEM  and  TEM  were  used  to  interpret  the  likely  controlling  creep 
mechanisms:  diffusional  control  in  the  crystalline  compositions,  and  viscous  flow  of  the 
glassy  grain  boundary  phase  in  the  composition  containing  glass. 

Primary  creep  was  observed  except  at  the  highest  temperatures  before  the  creep  rate 
decreased  to  a  steady  state,  linear  creep  rate.  Significant  changes  in  density  or  grain  size 
did  not  occur  during  the  tests,  which  were  maintained  at  total  strains  of  less  than  5%.  At 
approximately  equal  grain  sizes  (~0.8  /an)  and  densities  (92-05%  of  theoretical),  the 
samples  containing  glass  crept  more  rapidly  than  the  single  phase  samples,  which  crept 
more  rapidly  than  the  sample  containing  a— AljOj.  The  observation  that  the  creep  of 
mullite  containing  corundum  is  slower  than  that  of  single  phase  mullite  is  in  contrast  to 
previous  results  probably  due  to  differences  in  microstructure.  Our  samples  contained 
elongated  corundum  particles  '6  /an  long  by  0.5-1  /jM  diameter;  previously  tested  samples 
contained  roughly  equiaxed  corundum  particles  with  grain  sizes  approximately  equal  to 
that  of  the  mullite  matrix. 

Selected  creep  measurements  were  made  on  samples  prepared  from  commercial 
mullite  powders  from  the  United  States  (VISTA),  France  (Baikowski)  and  Japan 
(Chichibu).  The  creep  rates  for  these  glass-containing  mullites  were  the  same  or  slightly 
faster  than  those  of  the  RPI  samples  containing  glass,  and  the  commercial  samples  are  less 
chemically  homogeneous  according  to  EDS  back-scattered  electron  results. 
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Mullite  "single  crystals"  grown  by  a  Czochalski  process  were  obtained.  Glass 
pockets  were  found  by  optical  microscopy.  Creep  tests  showed  a  pronounced  primary  creep 
stage  under  most  conditions,  and  a  creep  rate  dose  to  that  of  the  polycrystalline  mullite 
containing  glass.  Samples  have  been  annealed  in  order  to  dissolve  the  glass  in  mullite, 
which  has  a  2:1  composition. 

A  study  of  the  microstructural  evolution  of  single-phase  mullite  and 
mullite/ o-AljOj  under  load  free  conditions  was  made  at  1423K,  1840K  and  for  1-80H. 
The  significant  changes  in  the  microstructure  were  a  small  increase  in  density  (<1%  TD), 
and  a  small  increase  in  mullite  grain  size.  After  a  lOOh  hold,  the  mullite  grain  size  in  the 
single-phase  mullite  should  increase  from  an  initial  0.5  pm  at  1423K  and  to  2.0  pm  at 
1840K.  The  elongated  o-AlaOs  grains  decreased  in  aspect  ratio  (from  ~9— 4)  during  the 
heat  treatments. 

Microstructural  examination  of  the  samples  containing  glass  with  SEM  and  TEM 
revealed  equiaxed,  rounded  mullite  grains  surrounded  by  the  intergranular  glass  at  grain 
boundaries  and  triple  points.  The  mullite  grains  in  the  single  phase  and  mullite  plus 
corundum  samples  were  equiaxed  and  occasionally  elongated,  with  straight  or  slightly 
curved  grain  boundaries.  No  second  phase  glass  was  found  in  the  single  phase  samples  or  in 
the  mullite  containing  corundum.  The  corundum  was  located  at  grain  boundaries. 
Occasional  dislocations  were  observed  in  all  of  the  compositions  in  both  the  deformed 
samples  and  in  the  undeformed  samples.  Evidence  of  cavitation  was  not  observed,  except 
in  the  crept  samples  containing  glass  at  higher  strains. 

The  evolution  of  the  grain  sise  distribution  of  mullite  samples  was  studied  after 
heating  at  temperatures  up  to  1700*  C.  The  grain  sise  distributions  were  log-normal  both 
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before  and  after  heating.  The  activation  energy  for  grain  growth  was  found  to  be  about  260 
kj/mole,  and  the  grain  size  grew  proportional  to  square  root  of  time. 

The  mullite  creep  literature  has  been  reviewed.  The  test  and  characterization 
procedures  have  been  documented,  since  small  differences  in  the  procedures  as  well  as  the 
samples  may  have  a  pronounced  effect  on  the  creep  rate.  Literature  data  for  mullite 
containing  glass  were  replotted  after  reducing  the  literature  data  to  a  common  grain  size 
and  temperature  or  stress.  Nearly  all  of  the  replotted  data  for  mullites  containing  glass 
were  found  to  fall  on  a  single  line  which  had  an  activation  energy  dose  to  the  activation 
energy  of  viscous  flow.  The  reduced  data  for  the  single  phase  mullites  showed  more  scatter 
than  did  the  mullites  containing  glass.  Evidence  exists  that  some  of  this  difference  is  due 
to  differences  in  microstructure,  specifically  chemical  homogeneity  and  grain  structure, 
which  can  be  affected  by  processing. 

C.  FIBER  PROCESSING  AND  PROPERTIES 

1.  PflHStfiflg 

Direct  measurements  of  transverse  coeffidents  of  thermal  expansion  have  been 
performed  on  single  carbon  fibers.  Although  axial  properties  of  carbon  fibers  are  well 
known,  only  "guesstimates"  of  the  transverse  properties  were  used  in  the  past  for 
micromechanical  modeling.  The  usual  assumption  of  transverse  isotropy  was  found 
experimentally  to  be  invalid  for  higher  modulus  pitch  precursor  carbon  fibers,  as  the 
thermal  expansion  was  found  to  differ  by  as  much  as  a  factor  of  three  in  various  radial 
directions.  While  the  transverse  coeffidents  of  thermal  expansion  could  be 
semiquantitativdy  predicted  from  a  fiber's  microtexture,  the  inability  to  properly  account 


for  the  pores/cracks  requires  that  the  coefficients  still  be  determined  experimentally  at 
present.  This  phase  of  the  program  has  allowed  the  determination  of  the  transverse 
properties  of  carbon  fibers. 

Chemical  vapor  deposition  has  been  used  for  fabrication  of  creep  resistant  fibers, 
and  the  infiltration  of  higher  strain  to  failure  matrices.  Extensive  efforts  have  been  made 
to  properly  model  the  flow,  temperature,  and  concentrations  for  fiber  fabrication.  At 
present,  a  complete  calculation  from  first  principles  cannot  be  made  because  of  excessive 
computational  time.  However,  within  five  to  ten  years,  the  computational  capability 
should  be  available.  For  infiltrated  matrix  depositions,  the  research  has  shown  that  design 
fiber  architecture  for  manufacturing  as  well  as  mechanical  properties  could  drastically 
reduce  deposition  time.  The  complete  description  of  fiber  architectures,  designed  for 
manufacturing,  was  not  completed.  However,  even  with  present  2— D  fabric  composite 
preforms,  a  two-step  deposition  procedure,  optimized  for  the  two  main  void  distributions, 
reduced  deposition  times  to  tens  of  hours  from  hundreds.  Finally,  infiltrations  using 
multiple  crack  stopping  interfaces,  such  that  an  internal  lamellar  microstructure  resulted, 
produced  a  doubling  of  the  matrix  failure  strain. 

2.  Mechanical  Characterization  of  Fibers  at  High  Temperatures 

The  goals  of  this  project  were  to  develop  advanced  techniques  for  the  mechanical 
characterization  of  fibers  at  elevated  temperatures,  and  to  utilise  these  techniques  for  the 
detailed  characterization  of  candidate  fibers  for  high  temperature  reinforcement  of 
composite  materials.  Two  original  instruments  were  designed,  constructed  and  utilized. 
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The  first  instrument  consists  of  a  six  station  high  temperature  fiber  creep  facility 
which  utilizes  direct  ohmic  heating  of  the  fibers.  The  fiber  temperature  is  measured  using 
a  two  wavelength  optical  pyrometer  with  a  computer  interface.  The  pyrometer  is  mounted 
on  a  precision,  stepper  motor  driven,  rotary  table  which  is  also  interfaced  to  the  computer. 
This  setup  enables  the  use  of  a  single  pyrometer  for  the  simultaneous  creep  data  acquisition 
on  up  to  six  fibers.  In  addition,  the  rotary  table  provides  a  precise  means  by  which  to 
automatically  aim  the  pyrometer  at  the  fiber.  This  feature  eliminates  a  major  source  of 
errors  associated  with  fiber  temperature  measurements.  A  closed  loop  PID  control  scheme 
is  implemented  whereby  the  temperature  error  signal  is  fed  to  a  high  voltage  DC  power 
supply  which  controls  the  current  passing  through  the  fiber.  In  practice  long  term 
temperature  stability  of  *  1  C  is  achieved  at  temperatures  of  1600  C.  Fiber  deformation  is 
measured  directly  by  fixing  one  end  of  the  fiber  to  the  core  of  an  LVDT,  which  is  also 
interfaced  to  the  computer.  The  ends  of  the  fibers  are  secured  in  water-cooled  aluminum 
quench  blocks.  The  temperature  gradient  over  the  entire  length  of  the  fiber  (which  is  15 
inches)  is  less  than  30  C  at  an  operating  temperature  of  1600  C.  This  provides  an 
exceptionally  long  isothermal  gage  length  and  contributes  to  the  high  precision  of  the 
instrument.  Creep  experiments  were  generally  conducted  in  an  argon  environment. 

The  second  instrument  is  a  heated  wall,  dynamic  mechanical  apparatus  which  is 
capable  of  resolving  both  the  in-phase  (storage  or  elastic  modulus)  and  out-of-phase  (loss 
or  viscous  modulus)  components  of  the  dynamic  modulus  as  a  function  of  both  temperature 
and  frequency.  A  linear  motor  with  a  DC  bias  to  maintain  fiber  tension  is  connected  to 
one  end  of  the  fiber,  and  is  driven  by  a  DC  coupled  power  amplifier,  whose  drive  signal  is 
derived  from  a  computerized  Fourier  transform  type  of  phase  angle  analyzer.  This 
apparatus  has  an  operating  range  of  from  room  temperature  to  1600  C  and  frequency  range 
from  0.1  to  25  Hz.  The  resolution  on  loss  factor  is  0.0005  or  better,  as  confirmed  by 
completely  elastic  fibers  run  at  room  temperature. 
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Both  systems  have  been  used  to  characterize  SCS— 6  SiC  fibers.  A  complete  set  of 
creep  curves  have  been  obtained  between  1100  and  1500  C,  at  several  levels  of  stress.  It  is 
found  that  the  creep  is  a  linear  viscoelastic  process,  and  is  fully  recoverable  within  certain 
limits  of  stress  and  temperature.  In  addition,  the  coefficient  of  thermal  expansion  has  been 
obtained  vs.  temperature.  It  is  found  that  there  is  an  anomalous  contraction  at  ca.  1370  C, 
for  heating  rates  of  15  C/min.  The  kinetics  and  hysteresis  in  length  associated  with  this 
phenomenon  have  been  studied  extensively.  It  is  believed  that  the  anomalous  contraction 
is  due  to  the  melting  of  excess  silicon  within  the  SIC  structure.  Dynamic  data  on  these 
fibers  have  been  obtained  from  1100  to  1500  C  using  a  variety  of  heating  and  loading  paths. 
It  is  found  that  the  viscous  component  of  the  modulus  begins  to  grow  rapidly  above  1200  c. 
An  algorithm  has  been  developed  for  the  determination  of  isothermal  gage  length  data  from 
the  parabolic  temperature  profile  data  obtained  in  the  heated  wall  system.  The  dynamic 
data  emphasize  the  short  time  scale  responses  of  the  fiber,  whereas  the  creep  data 
emphasize  the  long  time  scale  behavior.  Taken  together,  these  data  provide  a 
comprehensive  data  base  for  the  evaluation  of  these  fibers  as  a  suitable  high  temperature 
reinforcement. 

It  is  noted  in  closing  that  the  techniques  we  have  developed  are  now  being  used  to 
evaluate  new  fiber  systems,  including  YAG  fibers  and  alumina  fibers. 

D.  INTERFACES 

Several  studies  were  carried  out  aimed  at  characterizing  and  understanding  the 
factors  involved  in  the  kinetics  and  energetics  of  the  formulation  and  stability  of 
fiber-matrix  interfaces.  The  results  of  three  studies,  one  on  the  Al-SiC  system,  one  on  Ti 
Alloy-AljO*  systems,  and  one  on  interface  formation  by  sputter  deposition,  are 
summarized  below. 
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1.  Aluminum  on  Silicon  Carbide 


The  interface  studied  was  formed  by  the  deposition  of  aluminum  on  the  (0001)  faces 
of  SiC  single  crystal  platelets.  The  process  was  carried  out  in  ultrahigh  vacuum,  with 
aluminum  being  deposited  by  physical  vapor  deposition  onto  the  clean  SiC  surface. 
Depositions  were  carried  out  for  a  range  of  deposition  times  and  surface  temperatures.  The 
deposition  process  was  characterized  by  in  situ  Auger  electron  spectroscopy,  measuring  the 
Auger  peaks  for  Al,  Si  and  C  after  increments  of  aluminum  deposition.  After  deposition, 
temperature  programmed  desorption  (TPD)  was  used  to  characterize  the  binding  energy  of 
the  aluminum  to  the  substrate,  and  the  deposit  was  depth  profiled  using  argon  ion 
bombardment  to  determine  the  extent  of  Al  penetration  into  the  SiC  lattice.  Annealing 
studies  were  also  carried  out,  using  Auger  electron  spectroscopy  to  characterize  changes  in 
the  Al  binding  states  at  the  surface. 

At  low  substrate  temperatures  (below  300* )  the  deposit  grew  by  the 
Vollmer— Weber  mechanism,  with  islands  of  solid  Al  forming  on  an  otherwise  nearly  clean 
SiC  surface.  Plots  of  the  intensity  of  the  various  Auger  peaks  yg  deposition  time,  show 
that,  as  surface  temperature  increases,  fewer  nuclei  form,  leading  to  a  more  gradual 
decrease  in  Si  and  C  Auger  features  as  deposition  proceeds.  At  temperatures  above  300*  C, 
there  is  a  reaction  between  the  Al  and  the  SiC.  This  is  shown  by  a  shift  in  the  Al  LW 
Auger  transition  energy.  Depth  profiles  taken  after  disorption  of  the  unreacted  aluminum 
showed  that  this  reaction  involved  only  the  top  most  atomic  layer  of  the  SiC,  with  Al 
atoms  replacing  Si  in  this  layer.  TPD  studies  showed  sero-order  desorption  kinetics,  with 
a  desorption  energy  of  148  Kj'/mol  for  desorption  from  heavy  deposits  of  aluminum,  while 
light  deposits  showed  first-order  kinetics  with  a  desorption  energy  of  178  Kj/mol.  This 
behavior  is  also  consistent  with  the  evaporation  of  an  island  deposit  on  top  of  a  reacted 
layer. 
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While  this  study  provided  significant  information  on  the  kinetics  and  energetics  of 
the  interface  formation,  it  was  not  capable  of  forming  thick  layers  that  would  be  useful  in 
studying  the  long-term  stability  of  the  Al/SiC  interface,  and  was  not  pursued  further. 

2.  Titanium  AllovS  on  AUOi 

This  study  was  aimed  at  characterizing  interface  stability  in  titanium 
aluminide/sapphire  composites.  Samples  were  prepared  by  sputter  deposition  of  the 
desired  metal  or  interm>  'lie  onto  flat,  single  crystal  samples  after  sapphire.  Typically, 
the  layer  deposited  was  1000  -  2000  A  thick.  After  deposition,  samples  were  annealed  for  a 
range  of  times  and  temperatures.  The  annealing  process  was  carried  out  in  ultrahigh 
vacuum  to  avoid  introducing  oxygen  into  the  sample  from  the  free  surface.  After 
annealing,  the  samples  were  analyzed  by  Rutherford  backscattering  spectroscopy  (RBS) 
and  by  Auger  depth  profiling  to  characterize  the  extent  of  reaction  or  interdiffusion  at  the 
metal-oxide  interface.  Results  for  the  various  combinations  studies  are  summarized  below. 

Auger  spectra  taken  in  the  course  of  the  depth  profile  run  on  an  annealed  Ti/AljOj 
sample  indicated  that  the  aluminum  Auger  peak  in  the  60  eV  region  was  split,  showing 
contributions  from  both  metallic  aluminum  and  oxidized  aluminum,  Al*\  Accordingly,  all 
depth  profile  studies  recorded  these  two  contributions  independently. 

There  was  a  general  trend  for  the  reactions  to  become  thermodynamically  more 
favorable  as  the  oxidation  state  of  the  titanium  in  the  oxide  product  decreased. 

The  results  obtained  clearly  indicate  that  the  titanium-AljO*  interface  is  highly 
reactive,  even  at  relatively  low  temperatures.  Use  of  intermetallic  matrixes  such  as  TiAl  or 
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TiTaAlj  greatly  reduces  the  tendency  toward  interfacial  reactions,  with  the  interface 
stability  increasing  with  the  addition  of  tantalum. 


3.  Fiber  Coating  by  Sputter  Deposition 

A  preliminary  study  was  made  to  determine  the  feasibility  of  depositing  protective 
coatings  on  fibers  or  fiber  tows  by  reactive  sputter  deposition  using  a  hollow  cathode 
configuration.  In  this  technique,  a  magnetically  confined  discharge  produces  ions  that 
remove  material  from  a  target  by  ion  bombardment.  In  physical  sputtering,  the  material 
removed  is  redeposited  on  the  growth  surface.  In  reactive  sputtering  a  second  gas  that  will 
react  with  the  material  being  deposited  is  added  to  the  system,  to  produce  a  deposit  of  the 
reaction  product.  This  technique  makes  it  possible  to  deposit  refractory  materials  such  as 
nitrides  or  borides  at  temperatures  close  to  ambient. 

This  system  was  tested  in  the  deposition  of  titanium  onto  3mm  diameter  carbon 
rods,  and  onto  the  fibers  of  a  carbon  fiber  tow,  containing  approximately  1000  fibers,  each 
about  7  fa n  diameter.  Deposition  onto  the  carbon  rod  resulted  in  the  formation  of  a 
deposit  of  pure  titanium  at  a  deposition  rate  of  750  nm/minute.  In  the  case  of  the  fiber 
tow,  it  was  found  that  fibers  separate  from  one  another  due  to  the  electrostatic  repulsion 
associated  with  surface  charge  buildup  during  exposure  to  the  plasma  in  the  hollow  cathode 
cell. 


An  initial  study  of  reactive  sputter  deposition  was  also  carried  out  in  this  system, 
using  Nj  as  the  sputtering  gas  to  produce  a  TiN  coating.  Results  indicated  the  formation 
of  a  non-stoichiometric  TiNXl  with  x  less  than  unity.  It  is  felt  that  this  non-stoichiometry 
is  due  to  inadequate  control  of  the  Nj  gas  pressure  during  the  sputtering  process. 
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During  the  course  of  the  program  a  major  effort  was  made  to  upgrade  our  facilities 
for  the  production  and  characterization  of  samples  containing  metal-refractory  interfaces, 
including  lamellar  composite  samples,  coated  fibers  and  samples  for  the  study  of  interface 
strength  and  stability. 

Two  systems  have  been  constructed  for  sample  fabrication.  One  of  these,  a  research 
CVD  system  optimized  for  deposition  using  organometallic  precursors,  was  developed  using 
funding  provided  as  part  of  a  grant  from  the  New  York  State  Energy  Research  and 
Development  Agency.  The  second,  a  research  sputter  deposition  system,  was  developed 
under  DARPA  funding. 

The  sputter  system  is  a  tree-target  system,  capable  of  both  rf  and  dc  magnetron 
sputtering.  It  is  equipped  with  facilities  for  pumping  into  the  ultrahigh  vacuum  range, 
rapid  switching  from  one  material  to  another  using  a  shutter  system,  sample  introduction 
without  breaking  vacuum,  and  feedback  control  of  deposition  rate  and  sputtering  gas 
composition.  This  system  has  been  used  successfully  to  deposit  MoSij/AljO*  multilayer 
structures,  and  can  be  used  with  the  hollow  cathode  configuration  described  previously  for 
reactive  sputter  coating  of  refractory  materials  onto  fibers  or  fiber  tons. 

In  this  characterization  area,  an  x-ray  photoelectron  spectroscopy  (XPS  or  ESCA) 
system  has  been  installed,  and  is  currently  being  used  to  analyse  both  the  MoSij/AljO* 
multilayers  mentioned  above,  and  to  extend  the  previous  studies  of  interfaces  between 
internet  allies  and  refractory  materials. 


The  focus  of  this  study  is  the  analysis  of  "soft  layers"  interfaces  in  ceramic  matrix 
composites  as  a  mean  of  improving  strain  to  failure  capability.  The  approach  taken  here  is 
to  first  evaluate  the  stress  field  for  various  crack  configurations,  then  the  compliance  of  the 
sample  can  be  computed.  Several  conclusions  were  drawn  from  this  study:  1)  for  the  "soft 
layer"  interface  concept  to  be  effective  the  maximum  maximum  interface  strength  should 
be  very  low.  For  instance  in  a  ceramic  with  a  fracture  toughness  of  0.3  Pa.ml/2  j.  a  soft 
layer  distance  of  a  =  10  microns  the  maximum  interface  strength  was  found  to  be  60  MPa. 
2)  A  limiting  soft  layer  disbonding  length  can  be  determined  for  a  given  interface  strength. 
For  instance,  for  the  same  ceramic  with  an  interface  strength  of  33  MPa,  the  toughening 
mechanism  will  be  effective  if  the  interface  debonds  over  a  length  4a.  3)  For  a  given  crack 
size  and  interface  spacing  the  stress  at  which  the  crack  will  propagate  to  the  interface  can 
be  determined  based  on  the  J-Integral  concept.  4)  using  a  finite  element  model  of  the 
matrix  with  a  crack  having  propagated  to  the  interface,  significant  improvement  in 
compliance  can  be  demonstrated.  For  example,  when  the  interface  has  debonded  one  third 
of  the  length  of  the  sample,  a  50%  improvement  in  sample  compliance  can  be  obtained. 


II.  MECHANICS 


The  mechanics  program  was  conducted,  in  part,  to  support  the  material  selection 
and  predict  the  behavior  of  different  material  systems.  Both  micromechanical  and 
macroscopic  studies  were  conducted  on  ductile  and  brittle  matrix  systems. 

A.  MICROMECHANICAL  MODELING 

The  micromechanical  analysis  work  was  concerned  with  the  behavior  of  ceramic  and 
intermetallic  systems  subjected  to  mechanical  loads  and  to  thermal  cycles.  The  general 
objective  was  to  examine  the  thermomechanical  compatibility,  to  develop  methods  for 
reliable  prediction  of  overall  properties  and  of  local  stress  and  strain  fields  in  the  phases 
under  prescribed  thermomechanical  loads,  and  to  explore  techniques  for  reduction  of  local 
stress  concentrations. 

With  regard  to  brittle  systems,  we  have  developed  analytical  approaches  to 
modeling  of  coated  fiber  systems.  Both  exact  and  approximate  techniques  were  used.  For 
example,  using  Dvorak’s  discovery  of  the  properties  of  uniform  fields  in  heterogeneous 
media,  we  were  able  to  derive  exact  connections  between  mechanical  and  thermal  stress 
and  strain  fields  in  two  and  three-phase  fibrous  systems.  These  connections  proved  useful 
in  the  understanding  of  such  diverse  phenomena  as  evaluation  of  coefficients  of  thermal 
expansion,  response  of  yield  surfaces  to  thermal  changes,  and  conversions  of  thermal 
changes  to  mechanical  loading  in  inelastic  deformation.  Among  the  approximate 
techniques  we  have  chosen  the  Mori— Tanaka  approximation  in  studies  of  coated  fiber 
systems.  We  extended  the  original  formulation  to  three-phase  systems  and  incorporated 
cylindrically  orthotropic  fiber  properties,  as  well  as  changes  of  elastic  constants  with 
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temperature.  To  make  the  results  useful  to  designers,  we  have  extended  the  above  results 
to  laminates  and  outlined  a  technique  for  constructing  failure  maps  that  define  a 
permissible  loading  range  in  the  laminate  overall  stress  space  such  that  a  specified 
magnitude  of  fiber,  matrix,  or  interface  strength  is  not  exceeded.  The  maps  are 
constructed  in  a  dimensionless  stress  space  in  which  the  laminate  stresses  are  normalized 
by  the  assigned  strength  values.  Therefore,  the  maps  can  be  easily  adjusted  to  reflect 
different  values  of  local  strengths.  Specific  examples  of  the  maps  were  coustructed  for  the 
SCS6-TijAl,  (0/±45)g  laminate. 

For  the  purposes  of  thermomechanical  compatibility,  the  fiber  coatings  of  choice 
should  have  a  high  coefficient  of  thermal  expansion  in  the  transverse  plane,  and  a  low 
transverse  Young’s  modulus.  Thicker  coating  are  more  efficient  in  reducing  thermal 
stresses,  but  they  also  elevate  local  stress  concentrations  in  the  matrix  under  transverse 
normal  loads. 

In  a  related  study,  we  examined  several  approximate  methods  for  evaluation  of 
overall  elastic  properties  of  composite  materials,  and  established  limits  to  their 
applicability  that  were  not  defined  previously. 

In  our  studies  of  ductile  systems,  we  developed  the  novel  transformation  field 
analysis  technique  for  elastic-plastic,  viscoelastic,  and  viscoplastic  composite  systems.  In 
this  method,  all  inelastic  as  well  as  thermal  strains,  phase  transformation,  and  any  other 
such  deformations  are  regarded  as  eigenstrains,  or  transformation  strains  applied  to  an 
otherwise  elastic  composite.  Their  effect  is  superimposed  with  mechanical  load  effects. 
Both  the  transformation  and  mechanical  strains  are  analysed  with  certain  influence 
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functions  derived  from  elasticity  solutions,  which  are  therefore  constant  during  inelastic 
deformation.  The  influence  functions  permit  formulation  of  governing  equations  for 
incremental  solutions  of  inelastic  loading  problems.  The  procedure  has  been  used  both 
with  such  approximate  techniques  as  the  self-consistent  and  Mori-Tanaka  methods,  and 
the  finite  element  method  associated  with  unit  cell  models.  In  the  approximate  methods, 
we  have  identified  and  corrected  errors  in  the  widely  used  self-consistent  model  originally 
proposed  by  Hill.  In  the  finite  element  method,  we  found  greater  efficiency  with  the  new 
formulation.  Also,  since  the  governing  equations  are  written  as  a  separate  system,  there  is 
no  need  to  program  specific  inelastic  constitutive  equations  into  the  finite  element  program 
used  in  the  composite  analysis.  At  most,  one  needs  an  elastic  program  for  finding  the 
transformation  influence  functions. 

These  analytical  techniques  were  applied  to  evaluation  of  local  fields  caused  by 
fabrication  in  unidirectional  and  laminated  SCS6/TijAl  and  SCS6/NijAl  systems.  For  the 
unidirectional  materials,  we  performed  a  simulation  of  the  HIP  process  of  the  two  systems 
with  and  without  coated  fibers.  The  coatings  reduced  initial  stresses,  but  also  elevated 
local  stresses  in  the  matrix  for  certain  mechanical  loading  directions,  such  as  transverse 
tension  and  shear.  Moreover,  we  examined  the  effect  of  the  ratio  of  the  axial  and 
transverse  stresses  applied  in  the  HIP  process.  Significant  reduction  of  internal  stresses 
was  found  for  a  modified  HIP  process  that  applied  a  high  transverse  and  low  or  absent 
axial  pressure.  In  the  laminates,  we  described  the  shape,  position  and  kinematic  motion  of 
bimodal  yield  surfaces  during  cooling  from  the  fabrication  temperature  in  the  two  systems 
with  the  (0/*45),  layup.  No  inelastic  deformation  was  detected  during  unconstrained 
cooling  from  a  stress-free  state  in  the  SCS6/TijAl,  but  there  was  a  significant 
rearrangement  of  the  yield  surfaces  that  would  affect  inelastic  deformation  in  the  plies 
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under  subsequent  mechanical  loading.  The  more  extensive  matrix-dominated  yielding  was 
favored  at  high  temperatures. 

B.  THERMOVISCOPLASTIC  ANALYSIS  OP  MMC 

The  objective  of  this  task  was  to  develop  analysis  tools  using  a  "unified" 
constitutive  equation,  the  viscoplasticity  theory  based  on  overstress  (VBO).  In  unified 
theories  all  inelastic  deformation  is  considered  rate  dependent,  and  creep  and  plasticity  are 
not  separately  accounted  for.  Unified  models  have  been  developed  during  the  past  two 
decades  and  have  been  used  with  success  to  model  the  high  temperature  deformation 
behavior  of  isotropic  materials. 

A  thermal  orthotropic  VBO  was  developed  which  allowed  for  variable  Poisson's 
ratio  and  was  shown  to  have  desirable  properties  for  thermal  cycling.  The  theory  permits 
specialization  to  cubic  symmetry,  transverse  isotropy,  and  isotropy.  It  has  been  applied  to 
simulate  the  behavior  of  single  crystals  made  of  a  Nickel  base  superalloy.  With  the  basic 
representation  of  material  behavior  accomplished,  application  to  composite  laminates 
followed. 

In  a  modification  of  classical  laminate  theory,  each  ply  is  represented  by  the 
orthotropic  VBO.  To  show  the  capability  of  the  theory,  the  material  constants  of  the 
theory  were  adjusted  to  approximately  simulate  composite  behavior.  One  metal  matrix 
composite  called  MMC2  w!»*  patterned  after  the  AljOj/Ni»Al  composite  which  shows  an 
increase  in  transverse  strength  with  temperature  before  the  strength  decreases.  MMC1  has 
the  same  properties  as  MMC2  except  that  the  strength  continuously  decreases  with 
temperature.  Thermal  and  mechanical  behavior  was  simulated  for  in-phase  and 


out— of— phase  cycling  by  numerically  integrating  the  resulting  nonlinear  first  order 
differential  equations  and  plotting  the  results. 

We  introduced  a  comparably  simple  analysis  tool  which  could  be  used  for  high 
temperature  design  in  the  same  manner  as  the  classical  laminate  theory  is  used  for  elastic 
behavior.  Owing  to  the  continuum  representation  of  each  ply,  the  theory  is  not  capable  of 
reproducing  thermal-inelastic  coupling  which  was  shown  to  be  important  by  Dvorak. 

1.  VBO  and  the  Vanishing  Fiber  Diameter  Model 

To  avoid  this  deficiency  a  simple  composite  model,  the  vanishing  fiber  diameter 
model  (VFD)  of  Dvorak  and  Bahei— El-Din  was  introduced  and  combined  with  VBO. 
Although  all  of  the  published  work  deals  with  VFD,  other  composite  models  have  been 
combined  with  VBO,  such  as  Mori-Tanaka  and  Dvorak's  bimodal  theory  in  the  PhD  thesis 
of  Yeh.  The  difficulty  of  applying  advanced  constitutive  equations  to  high  temperature 
composites  lies  in  the  small  number  of  experimental  data  for  fibers  and  the  matrix,  such  as 
the  effect  of  loading  rates  on  the  stress-strain  behavior,  the  creep,  and  the  relaxation 
behaviors.  To  perform  numerical  experiments,  it  is  necessary  to  make  reasonable  guesses 
to  be  able  to  represent  the  constitutive  behavior. 

The  theory  of  VBO  and  VFD  is  given  by  Yeh  and  Krempl  (1992a).  In  this  paper, 
the  governing  equations  for  thermal  analysis  of  a  single  ply  of  fibrous  metal  matrix 
composites  are  derived.  VBO  is  for  cyclic  neutral  behavior  (under  symmetric  cycling  the 
hysteresis  loop  closes  after  one  cycle)  and  for  limited  (primary)  creep  in  the  quasi  linear 
region  of  the  stress-strain  diagram.  The  prediction  of  VBO  is  compared  to  that  of  an 
equivalent  rate-independent  plasticity  theory  and  correspondence  in  simple  tests  is 
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established.  It  is  also  shown  that  the  viscoplasticity  theory  models  path  dependent 
hardening,  a  typical  plasticity  phenomenon,  although  no  yield  surface  and  no  loading  and 
unloading  conditions  are  used.  In  a  companion  paper,  Yeh  and  Krempl  (1992b),  the  theory 
is  specialized  for  simple  tensile  or  shear  tests  to  show  the  predicted  influence  of  volume 
fraction  on  the  stress-strain  and  primary  creep  behavior.  As  expected,  very  little  time 
dependence  was  predicted  in  the  fiber  direction.  In  the  transverse  direction  creep  is 
significant.  Also,  the  variation  of  total  Poisson’s  ratio  during  monotonic  loading  and 
during  creep  has  been  computed  and  there  is  general  agreement  with  sparse  experimental 
results. 


2.  VBQ/VFP  with  Static  Recovery  of  State 

All  the  analyses  reported  so  far  were  for  a  VBO  model  which  exhibited  only  primary 
creep  at  stress  levels  corresponding  to  the  quasi  linear  region  of  the  stress-strain  diagram. 
It  is  known  from  the  high  temperature  creep  behavior  of  monolithic  materials  that  in  these 
regions  secondary  and  tertiary  creep  can  occur.  Under  a  separate  program  we  have  been 
developing  a  VBO  theory  which  can  model  such  behavior.  A  static  recovery  of  state  term 
must  be  introduced  in  the  growth  law  for  the  state  variables  following  the  Baily/Orowan 
concep ;  of  hardening/recovery  competition  in  secondary  creep.  This  has  been  done  by 
Majors  and  Krempl  (1991)  for  modified  Cr-Mo  steel.  It  is  shown  that  secondary  creep  in 
the  quasi  elastic  regions  can  be  reproduced  together  with  other  phenomena  found  in  our 
experiments.  These  experiments  include  strain  rate  changes  and  repeated  relaxation  tests 
at  538*  C.  If  such  tests  would  have  been  available  for  the  matrix  of  a  metal  matrix 
composite,  the  theory  could  have  been  applied.  However,  such  tests  could  not  be  found. 
To  shown  the  capability  of  the  theory,  a  hypothetical  composite  MMC3  was  created 
consisting  of  the  Cr-Mo  steel  matrix  with  a  tungsten  fiber.  With  this  composite, 
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numerical  experiments  were  performed  which  simulated  the  behavior  of  the  unconstrained 
composite  during  cool-down.  The  residual  stresses  between  fiber  and  matrix  were  shown 
to  depend  on  cool-down  temperature  history.  Hold-times  at  temperatures  where  recovery 
of  state  is  active  were  most  beneficial  in  reducing  residual  stresses  at  room  temperature. 
An  optimal  temperature  history  was  found  which  led  to  a  residual  stress  reduction  of  20% 
compared  to  uniform  cooling  (Yeh  and  Krempl,  1993). 

In  preparation  for  life-time  analyses  of  metal  matrix  composites,  a 
three-dimensional  incremental  damage  accumulation  law  was  developed.  Its  correlation 
and  predictions  compared  favorably  with  scarce  experimental  data  (Yeh  and  Krempl, 
1993a).  Such  incremental  laws  can  be  combined  with  incremental  constitutive  laws  such  as 
VBO  for  life-predictions  of  composites  under  low-cycle  fatigue  conditions. 

Additional  references: 

"The  Influence  of  Cool-Down  Temperature  Histories  on  the  Residual  Stresses  in  Fibrous 
Metal  Matrix  Composites,"  N.— M.  Yeh  and  E.  Krempl,  1993,  to  appear  in  J.  of  Composite 
Materials. 

"An  Incremental  Life  Prediction  Law  for  Multiaxial  Creep-Fatigue  Interaction  and 
Thermomechanical  Loading,"  N.-M.  Yeh  and  E.  Krempl,  1993a,  to  appear  in  American 
Society  for  Testing  and  Materials  STP  1191. 
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Nickel  aluminum  powdara  hava  baan  fabrieatad  ualng  two  different  plaama 
aaixation  tachniquaa :  apharoidixaeion  of  pra-alloyad  powdara  and  agglomeration 
gmchanical  alloying  and  aubaaguant  apharoidixatlon  of  elemental  powdara.  Thaao 
pan  hava  alao  baan  fabrieatad  by  raaetivaly  ainterlng  elemental  powder  and 
(.Ufcantrifugation.  The  propertiea  of  these  powdara  are  compared  with  reaps ct 
a  mrphology,  site  and  microatructure  ualng  electron  microscopy,  laser  light 
smtaring  particle  sisa  determination  and  X-ray  diffraction.  Meaaurament  of  the 
«ixa  and  diffraction  pattern  ia  used  to  estimate  the  rapid  solidification 
ai  possible  formation  of  glassy  phases. 
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As  the  technology  and  processing  of  NiAl  advances  there  is  a  need  for  metal 
ejection  molding  grade  NiAl  powders.  These  powders  should  have  a  mean  particle 
tsmcsr  of  approximately  10  pm,  be  spherical,  and  possess  a  fine  microatructure 
aict  enhances  sintering.  The  mechanical  propart iae,  specifically  the  ductility 
dHAl,  are  known  to  improve  as  the  average  grain  slxe  remains  below  •  pm  (1). 
5  it  the  intent  of  this  study  to  eharactarixa  the  propertiea  of  plamsa  atomised 
til  powders  with  respeet  to  creation  of  the  desired  particle  site  and  fine 
eoaetsucture. 

It  is  well  known  that  plaama  atomisation  is  a  technique  which  produeee 
apdly  solidified  powders  (2-9).  the  cooling  rates  involved  with  this  technology 
m ptaarally  slightly  highsr  than  gas  atomisation  (9)  and  can  eaeeed  1x10*  K/soe. 
CKtaialy  at  this  cooling  rate  a  fine  nicrostrueture  will  develop,  however  it  is 
*  clear  whether  an  ordered,  disordered  or  glaasy  nicrostrueture  will  form  as  the 
CU  resolidifies.  The  effect  of  the  rapidly  solidified  nicrostrueture  on  the 
smeriag  behavior  is  also  not  well  documented.  To  gain  some  insight  to  the 
•ski  of  these  questions  various  SiAl  powders  have  been  fabricated  and  analysed 
ett  respect  to  the  phase  stability  of  the  ordered  H1A1  structure. 
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EXPERIMENTAL 


Commercial  NiAl  powders  (nstn  psrticis  diameter  of  83  */m)  war*  ball  mine 
in  hexane  for  48  hours  with  zireonia  balls  at  100  RPM.  The  milling  proem 
dacraassd  the  size  of  Chs  powder  to  a  mean  diameter  of  14  pm.  The  milled  poudan 
were  then  plasma  atomised  subaonically  with  a  28  kw  argon  plasma.  The  configura¬ 
tion  of  the  plasma  atomiser  is  shown  in  Fig.  l.  The  atomisation  chamber  was  tap 
under  an  inert  argon  atmosphere.  The  oxygen  content  of  this  atmosphere  w*» 
measured  during  the  atomisation  uaing  an  oxygen  detector  and  found  to  be  4  pga. 
The  apparent  and  tap  deneitiea  were  measured.  The  shape  of  the  powders  uu 
determined  using  electron  microscopy  and  the  size  of  the  fabricated  powders  wu 
determined  using  laser  light  scattering. 

Alternatively,  elemental  nickel  and  aluminum  powdere  were  mechanically 
alloyed  using  an  attritor  mill.  This  mechanical  alloying  process  was  used  to  bool 
the  elemental  powders  together  for  subsequent  reaction  induced  in  the  plaaat 
without  the  use  of  organic  binders  aa  denoted  in  the  PRMS  (Plasma  Melt  and  Rapid 
solidification)  process  used  by  Johnson  et.  al.  [7].  These  agglomerated  elemental 
powders  were  then  plasma  atomised  using  the  same  atomisation  conditions  as  abovs. 
The  last  group  of  powders  were  fabricated  by  reactively  sintering  elemental  nickal 
and  aluminum  powders  at  973  K  in  vacuum  and  using  ultra-centrifugation  to  mill  tie 
powders  down  to  the  appropriate  size.  Consequently  five  types  of  powders  aay  ba 
compared  with  the  above  fabrication  sequence)  commercial,  ball  milled,  BMPS  (ball 
milled  and  plasma  spheroidisad ) ,  MAPS  (mechanically  alloyed  and  plasma  spheroid- 
ized),  and  RSUC  (reactively  sintered  and  ultra-centrifuged)  powdere. 

8E5VLTS 

shown  in  Fig.  2  are  the  electron  mierographe  of  the  fabricated  powders,  la 
can  be  seen  a  dramatic  aise  reduction  has  occurred  in  the  processed  powders.  Tbs 
BMPS  process  has  created  the  desired  spherical  particle  shape.  The  maps  powders 
have  not  adequately  reacted  aa  evidenced  by  the  non-epherieal  shape  of  tbaaa 
powders.  The  RSUC  powdere  are  faceted  indicative  of  the  brittle  fractura 
occurring  from  the  action  of  the  high  speed  rotor  against  the  feedstock  material, 
one  may  also  see  some  fragmented  fine  particles  produced  by  the  high  energy 
collision  between  the  rotor  and  NiAl.  The  laser  light  scattering  size  distribu¬ 
tions  of  the  fabricated  powders  are  compared  in  Fig.  3. 

To  check  for  the  formation  of  glassy  phase a  diffractometer  patterns  wan 
taken  for  each  of  the  fabricated  powdere.  These  results  are  shown  in  fig.  4. 
Observation  of  the  low  scattering  angle  intensities  reveals  that  no  glaasy  pham 
are  present.  One  may  measure  the  strain  caused  by  the  milling  by  measuring  tls 
line  broadening.  All  of  the  powders  sxcept  for  the  MAPS  powder  have  diffractl« 
patterns  common  to  the  CsCl  structure. 

The  microstructures  of  the  rapidly  solidified  BMPS  and  commercial  powdan 
were  determined  by  electron  microscopy  after  cross-section,  polish  and  etching 
These  micrographs  are  illustrated  in  Pig.  9.  One  can  see  that  the  rapid 
solidification  has  decreased  the  grain  else  to  approximately  4  im  from  39  xn  la 
the  commercial  powders.  For  the  rapidly  solidified  powders,  the  grain  size  1* 
smallest  near  the  particle  surface  indicative  of  the  high  cooling  rate  at  tbs 
surface. 

Finally,  to  check  the  sintering  behavior  of  the  powders,  the  powders  wen 
tapped  into  an  alumina  crucible  and  sintered  at  1873  K  for  1  hour  in  vacuum.  He 
densification  was  determined.  These  results  are  shown  in  Fig.  8.  A  summary  of  tbs 
measured  powder  properties  is  given  in  Table  2.  These  results  indicate  that  tbs 
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mtarnal  (train  caused  by  milling  has  a  greater  effect  on  sintering  than  the  fine 
•icrsstructure  caused  from  the  rapid  solidification.  The  RSUC  powder  exhibited 
at  Mat  aintering  behavior  and  also  possessed  the  greatest  internal  strain  as 
matured  by  X-ray  diffraction. 

I 
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It  is  possible  to  form  HIM  grade  powders  using  the  plasma  atomisation 
proctas.  Currently  the  MAPS  process  is  not  producing  the  desired  material, 
partupa  due  to  the  volatilization  of  aluminum  prior  to  the  reactive  formation  of 
IU1  causing  lack  of  stoichiometry  in  the  fabricated  MAPS  powder  or  beeauee  of 
traaaient  affects  during  ‘he  reactive  sintering  between  the  nickel  and  aluminum. 
At  RSUC  produces  a  desirable  powder  of  approximately  the  proper  morphology, 
Imrrar  the  grain  structure  of  these  powders  is  not  refined  in  the  process. 

Nickel  aluminide  re-solidifies  in  a  columnar  microstructure.  Mo  glasey  or 
Uaerdarsd  phases  were  observed.  The  refined  microstructure  does  aid  sintering, 
muaver  the  magnitude  of  this  effect  is  not  greater  than  any  enhanced  sintering 
meunisms  caused  by  the  cold  work  during  milling  or  ultra-centrifugation.  It  is 
fait  chat  to  take  full  advantage  of  the  plasma  atomised  powders  denslfication 
mould  be  aided  by  hot  isostatic  pressing  at  relatively  lower  temperatures  and 
more  times  to  reduce  grain  growth  and  preserve  the  fine  grain  size  present  in  the 
fabricated  powders. 
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Figure  1 

Schematic  of  the  plasma  atomisation  systam.  The  atomiser  is  approxiaat 
8  fast  tall  and  supports  an  inert  atmosphere. 


Tab  Is 

1  Comparison  of  fabrieal 

:ion  processes 

Abbreviated 
Process  Name 

Expanded  Process  Name 

Process  Description 

BM 

• 

Ball-Milled 

Ball  mill  in  hexane 
with  slrconia  balls 

BMPS 

Ball-milled  Plasma 
Spheroidised 

Inject  milled  powder 
into  a  D.C.  plasma  jet 

MA 

Mechanically  Alloyed 

Mechanically  alloy 
in  an  attritor  mill  and 
with  hoxane  blanket 

MAPS 

Mechanically  Alloy 
Plasma  Spheroidised 

Inject  mechanically 
alloyed  powder  into  a 
D.C  plasma  jet 

RSUC 

Raaetively  sintered 
Ultra-eentrifuged 

Ke actively  sinter  and 
ultra-centrifuge  the 
powder  at  20000  RPM 

182 
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Figure  3 

Electron  micrographs  of  the  fabricated  powders. 
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Cummalative  population  % 


Comparison  of  Size  Distributions 
Laser  light  scattering  analysis 


Comparison  of  Size  Distributions 
Laser  light  scattering  analysis 


Figure  3 

Uiat  light  scattering  analysis  of  ths  particle  siaas  of  the  fabricated  porta 
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UKra-centrifuged  Powder 


Baa-Mined  Powder 


BMPS  Powder  )  —  "|  Commercial  Powder 


2  pa  30  fits 

Figure  S 

Croae  eectione  of  BMPS  (bell-milled  end  pleeme  epheroidixed)  end  commereUl 
powders  showing  refined  grein  structure  from  the  pleeme  etomizetion. 


Table  2 


^Summar^^af 

Powder  Chari 

icteristics 

Powder 

Mean 

Diameter 

(f/m) 

Linewidth 
(426) 
at  26 

Apparent 

Density 

(g/cm>) 

— 

Sintered 

Density 

(g/cm1) 

Denslfi- 

cation 

% 

Commer¬ 

cial 

93 

mm 

1.78 

2.65 

2.70 

B 

Milled 

17.5 

0.6* 

82.105* 

2.39 

2.94 

3.55 

20.9 

Atomized 

BMPS 

17 

wmm 

HSSSli 

1.94 

2.50 

3.25 

22.3 

RSUC 

12 

0.8* 

82.05* 

2.35 

3.09 

3.92 

30.0 

Deneif icetion  defined  ae  (p,  -  p,)/(p,  -  p,),  where  p,  is  the  sinter* 
density,  p,  is  the  green  density  and  p,  is  the  theoretical  density. 
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Economical  Aspects  of  Experiment  Design  for  Compaction 
of  High  Temperature  Composites 


W.  Z.  MISIOLEK  AND  R.  M.  GERMAN 


ABSTRACT 

This  paper  focuses  on  the  application  of  an  factorial 
experimental  design  method  to  the  fabrication  of  an  advanced 
material.  A  high  temperature  composite  NiAl/30vol%TiB2  was 
compacted  using  hot  isostatic  pressing  (HIP) .  Due  to  the  HIP 
process  variables,  a  full  factorial  approach  to  these  studies 
would  be  very  labor  intensive.  The  powder  price  and  the  high 
cost  of  processing  were  other  reasons  to  employ  an  economical 
experimental  design  method.  This  method  allows  the  comprehensive 
investigations  of  the  densification  process  based  on  the  Taguchi 
method.  It  considers  material  parameters,  such  as,  particle 
size,  particle  size  ratio,  and  hot  isostatic  pressing  variables 
of  pressure,  temperature,  and  time.  The  subsequent  statistical 
analysis  of  the  results  permitted  conclusions  based  on  results 
of  9  instead  of  81  tests. 

INTRODUCTION 

Intermetallic  compounds  have  great  potential  in  structural 
engineering  applications  due  to  their  oxidation  resistance  and 
high  strength  at  elevated  temperatures.  Among  all 
intermetallics,  the  aluminides  have  received  the  most  attention 
because  of  their  low  density.  Extensive  research  has  been  done 
on  nickel  aluminides  to  improve  their  intrinsic  brittleness  and 
evaluate  possible  fabrication  methods  [1-5].  Compounds  based  on 
NiAl ,  including  alloys  and  composites,  show  more  potential  than 
Ni.Al  because  of  their  higher  melting  temperatures  (1911  K  for 
NiAl  versus  1663  K  for  NijAl)  and  lower  density  (5.86  g/cm3  for 
NiAl  versus  7.50  g/cm3  for  Ni.Al) .  Extensive  studies  have  been 
undertaken  on  NiAl  [2,6-14]  which  show  possible  improvements  of 
its  properties  by  using  composites  technology.  The  addition  of 
a  ceramic  phase  like  TiB2  improves  mechanical  properties,  such 
as  high  temperature  strength  and  hardness  [2,7].  The  objective 
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of  this  work  was  to  study  fabrication,  microstructure,  and 
mechanical  properties  of  a  NiAl  matrix  composite  with  30  vol  % 
of  particulate  TiB2  as  a  reinforcing  phase.  The  choice  of  30  vol 
%  of  reinforcing  phase  was  made  to  achieve  continuity  of  the 
ceramic  phase  within  the  consolidated  microstructure.  Although 
this  composite  material  has  poor  oxidation  resistance  at 
elevated  temperatures,  nevertheless,  expected  improvement  of 
mechanical  properties  offset  the  need  to  coat  the  final  product 
with  monolithic  NiAl.  This  study  concentrates  on  hot  isostatic 
pressing  (HIP)  of  prealloyed  powders  as  the  production 
technology.  Variables  such  as  particle  size  and  particle  size 
ratio  were  studied  in  the  material  system.  The  experimental 
matrix  was  based  on  orthogonal  array  method  proposed  by  Taguchi 
[15].  Hot  isostatic  pressing  was  conducted  under  various 
temperature,  pressure,  and  time  parameters,  which  enable 
optimization  of  the  densification  process  [16]. 

EXPERIMENTAL  PROCEDURES 

The  powders  used  for  this  investigations  are  described  in 
Table  I.  They  were  purchased  with  average  particle  sizes  of  82 
Mm  for  NiAl  and  13  Mm  for  TiB2,  and  then  ball  milled  to  smaller 
particle  sizes.  The  average  particle  sizes'  after  milling  are 
given  in  parentheses.  They  were  measured  using  a  laser  light 
scattering  particle  size  analyzer.  To  form  the  composite,  NiAl 
and  TiB2  powders  of  the  desired  sizes  were  weighed  to  form 
composite  with  30  vol%  of  reinforcing  ceramic  phase  and  mixed 
for  30  minutes  in  a  turbula  mixer. 


Table  I 
Powder  Characteristics 


NiAl 

TiB, 

Vendor 

Cerac  Inc. 

I CD  Group  Inc. 

Shape 

blocky,  irregular 

sponge,  irregular 

Average  Particle 

82  (52, 

13 

Size  (Mm) 

49,  44,  36,  27, 

18) 

(6) 

The  NiAl  powder  was  milled  to  mean  particle  sizes  of  49  Mm, 
36  Mm  and  18  Mm,  while  the  TiB,  powder  particles  were  reduced  to 
6  Mm.  The  milling  used  balls  made  of  partially  stabilized 
zirconia.  Hexane  was  used  to  minimize  oxidation  during  milling. 
The  particle  size  ratios  (NiAl/TiB^)  for  these  samples  were  8.2, 
6.0,  and  3.0,  respectively.  To  avoid  difficulty  with  compaction, 
ejection,  and  sample  handling,  the  powder  was  compacted  directly 
in  stainless  steel  cylinders  used  later  as  HIP  cans.  These  HIP 
samples  of  12.6  mm  outside  diameter  were  degassed  for  several 
hours  at  a  temperature  of  570  K  prior  to  being  welded  under 
vacuum. 

The  experiment  was  designed  using  the  orthogonal  array 
method  proposed  by  Taguchi  [i5].  Key  process  parameters,  such  as 
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particle  size,  particle  size  ratio,  and  hot  isostatic  pressing 
variables  such  as  temperature,  pressure,  and  time  were  selected 
as  the  main  factors  in  the  densification  process.  These 
controllable  process  factors  and  their  levels  are  shown  in  Table 
II.  The  TiB2  average  particle  size  was  constant  at  6  urn.  The 
NiAl  powder  was  49  urn,  36  nm,  and  18  nm,  and  as  a  result  the 
powder  particle  size  ratio  (HiAl/TiB2)  also  varied. 


Table  II 

Controllable  Factors  of  HIP  Process 


Controllable  Factor 

Levels 

NiAl  particle  size  (m m) 

49 

36 

18 

Temperature  (K) 

1373 

1423 

1473 

Pressure  (MPa) 

100 

135 

170 

Time  (h) 

1 

2 

4 

RESULTS 

A  typical  microstructure  for  the  fully  dense  composite  is 
presented  in  Figure  1.  The  results  of  density  and  hardness 
measurements  together  with  HIP  process  parameters  are  shown  in 
Table  III.  The  results  for  experiments  1  to  9  are  representative 
for  the  experiment  designed  for  the  three  levels  of  studied 
factors  (See  Table  II) .  This  allows  analysis  of  the  1^  orthogonal 
array  since  it  is  the  most  efficient  orthogonal  design  to 
accommodate  four  factors  at  three  levels.  This  array  specifies 
nine  experimental  runs,  but  the  aim  is  to  find  the  best  of  34=81 
combinations  that  exist.  This  way  the  designed  experiment  is 
statistically  balanced  and  its  results  are  presented  in  Tables 
III  and  IV.  The  experiments  10  to  12  were  run  as  confirmation 
tests  for  the  proposed  model  and  their  results  are  also 
presented  in  Table  III.  The  relationship  between  predicted  and 
measured  density  is  presented  in  Figure  2. 

Statistical  analyses  permit  building  a  mathematical  model 
for  HIP  compaction  of  NiAl  4-  30  volt  TiB2.  Density  (a)  is  a 
function  of  NiAl  particle  size  (TiB,  powder  average  size  was 
constant  and  equal  6  Mm)  and  the  HIP  parameters  of  pressure, 
temperature,  and  hold  time.  The  equation  representing  this 


Fig.  1.  Microstructure  of  test  #3  HIP  sample;  49  4m  NiAl  and 

6  Aim  TiB2,  at  1473  K,  under  170  MPa,  for  4  h,  with  100% 
of  theoretical  density. 


Fig.  2.  The  relationship  between  predicted  and  measured  density 
for  HIP  NiAl  +  30vol%  TiB2  composite. 
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relationship  is  as  follows: 

In  (a)  »  0.106  In  (P)  +  0.037  In  (t)  -  0.056  In  (D)  (1) 

-  1168/T  +5.0 

where : 

P  *  HIP  pressure  (MPa)  T  -  HIP  temperature  (K) 

t  =  HIP  hold  time  (h)  D  *  NiAl  particle  size  (/im) 


Table  III 

Experimental  Results 


Test 

# 

NiAl 

Powder 

Size 

D  [Mm] 

Temp. 

T  [K] 

HIP 

Press. 

P  [MPa] 

Time 

t  [h] 

Percent  of 
Theoretical 
Density 

t 

HRC 

1 

49 

1373 

100 

1 

83 

6.5 

2 

49 

1423 

135 

2 

95 

36.2 

3 

49 

1473 

170 

100 

47.0 

4 

36 

1423 

135 

94 

42.5 

5 

36 

1473 

170 

94 

48.0 

6 

36 

1373 

100 

2 

89 

22.3 

7 

18 

1373 

170 

2 

97 

44.9 

8 

18 

1423 

100 

96 

47.4 

9 

18 

1473 

135 

99 

49.9 

10 

18 

1473 

170 

H 

98 

53.3 

11 

18 

1473 

170 

97 

53.1 

12 

18 

1473 

170 

98 

51.5 
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Table  IV 

Statistical  Parameters  of  the  Experiment 


Parameter 

Density 

Function 

Hardness 

Function 

Correlation  Coefficient 

0.946 

0.934 

Significance 

0.0001 

0.0000 

Standard  Error  of  Estimate 

1.8% 

5.3% 

The  mathematical  formula  for  hardness  (K)  in  HRC  as  a  function 
of  NiAl  particle  size,  HIP  variables  ''temperature,  pressure, 
hold  time)  and  composite  density  based  on  the  results  of  the 
twelve  tests  (1  to  12)  can  be  preserved  in  the  form  of  a 
logarithmic  equation: 

ln(H)  =  -0.143  ln(D)  -  1930/T  +  0.105  ln(P)  +  (2) 
0.064  ln(t)  +  9.07  In  (ff)  -  36.4 

where:  a  ■  composite  density  (%) ,  and  P,  D,  T  and  t  are  defined 
in  Equation  (1) . 

The  relationship  between  predicted  and  measured  hardness  for  the 
HIP  NiAl/30vol%TiB2  composite  is  presented  in  Figure  3.  Equation 
(1)  is  a  very  functional  formula  and  can  be  used  for  calculation 
of  composite  final  density.  It  also  can  be  employed  to  find  an 
interaction  between  two  process  variables  for  a  certain  final 
density  when  two  other  process  parameters  are  constant.  For 
example,  for  a  definite  material  system  it  is  possible  to 
calculate  pressure  -  temperature  conditions,  which  for  a 
particular  hold  time,  will  result  in  certain  final  density. 
Three  curves  are  presented  on  the  pressure  vs.  temperature  graph 
in  Figure  4.  They  represent  hold  times  of  1  hour,  2  hours,  and 
4  hours,  which  for  given  pressure  -  temperature  conditions 
result  in  a  final  composite  density  of  98%. 

DISCUSSION 

The  results  obtained  in  this  study  give  valuable 
information  on  the  densification  of  NiAl/TiB2  composites  using 
the  HIP  process.  Analysis  of  the  results  presented  in  Table  III 
shows  the  evident  role  of  the  NiAl  particle  size.  The 
combination  of  pressure,  temperature,  and  time  variables  can 
lead  to  good  quality  material  with  a  final  density  of  97%  of 
theoretical  or  higher.  This  material  was  obtained  in 
confirmation  experiments  (test  #10,  <11,  and  #12).  The  hardness 
measurements  (See  Table  III)  showed  a  good  correlation  with  the 
density  results  and  processing  temperature.  A  higher  hardness 
was  achieved  with  higher  processing  temperatures  (test  #3,  #5, 
and  #9)  with  a  large  role  of  particle  size.  NiAl  powder  with  an 


predicted  hardness,  HRC 


measured  hardness,  HRC 

Fig.  3.  The  relationship  between  predicted  and  measured  Roc  Jewel 
C  hardness  for  HIPed  NiAl  +30  vol%  TiBj 

Pressure,  MPa 


Temperature.  K 


Fig.  4.  Pressure  -  temperature  HIP  conditions  to  obtain  98% 

dense  NiAl  +  30vol%  TiB2  material  at  a  given  hold  time 
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average  particle  size  of  36  was  consolidated  at  the  same 
temperature  (1473  K)  and  under  the  same  pressure  (170  MPa)  as 
the  49  urn  NiAl  powder,  and  gave  the  same  hardness  readings  of  47 
to  48  HRC  even  though  it  was  held  at  a  high  temperature  and 
pressure  for  only  1  hour  instead  of  4  hours,  as  was  used  for  the 
49  urn  NiAl  compound.  A  sample  made  of  18  urn  NiAl  powder  and 
consolidated  for  only  1  hour  at  1473  K,  under  a  lower  pressure 
of  135  MPa  resulted  in  a  higher  hardness,  49.9  HRC. 

A  mathematical  model  represented  by  Equation  (1)  allows 
design  of  a  HIP  experiment  in  such  a  way  as  to  obtain  the 
desired  density  as  presented  in  Figure  4.  The  plot  in  Figure  2 
and  the  statistical  analysis  data  presented  in  Table  IV  show  the 
accuracy  of  the  model,  which  was  built  on  the  base  of  nine 
statistically  design  experiments.  By  knowing  the  effect  of  the 
HIP  parameters,  such  as  temperature,  pressure  and  time  on  the 
densification  process  and  by  using  different  NiAl  powder  sizes, 
one  can  tailor  the  process  parameters  to  achieve  the  desired 
mechanical  properties.  This  model  was  confirmed  by  experiments 
listed  in  Table  III  as  10,  11  and  12.  For  these  temperatures  and 
pressures  the  final  densities  are  very  close  or  below  the 
calculated  values.  For  example,  the  density  calculated  for  10 
test  is  98.5%  while  the  measured  value  is  98%,  for  tests  11  and 
12  the  calculated  densities  are  above  100%  while  the  measured 
values  are  97%  and  98%  respectively.  There  is  a  physical 
limitation  of  100%  density  which  is  not  incorporated  into  the 
mathematical  relationship.  Nevertheless,  this  equation  is 
valuable  and  gives  general  information  about  densification  of 
composite  materials  over  a  wide  range  of  process  variables.  The 
mathematical  model  can  be  built  for  any  desired  variables  and  in 
the  case  of  a  small  variable  range  it  will  match  the 
experimental  results  accurately.  Figure  2  shows  good 
correlation  between  measured  and  predicted  density  in  the  range 
from  80%  to  100%.  Equation  (2)  allows  us  to  calculate  hardness 
of  fabricated  composite  material  when  material  data  and  process 
variables  together  with  final  density  are  known.  This  model 
shows  good  correlation  up  to  a  predicted  hardness  of  55  HRC. 
Above  this  value  the  calculations  are  higher  than  measured 
mainly  due  to  a  longer  HIP  hold  time,  which  at  elevated 
temperature  favors  the  recovery  process.  As  a  result  the 
material,  which  was  held  for  longer  time  shows  lower  hardness. 

CONCLUSIONS 

1.  The  experimental  design  method  allowed  us  to  perform  a 
significantly  reduced  number  of  tests  in  order  to  achieve 
vital  information  about  densification  of  a  NiAl/TiB2  composite 
by  the  HIP  process. 

2.  Mathematical  models  for  the  HIP  densification  process  and  for 
final  hardness  of  the  NiAl  +  30  vol%  TiB2  composite  have  been 
proposed . 

i 

3.  A  significant  impact  of  HIP  temperature  on  the 
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densification  mechanism  and  composite  hardness  has  been 
noted . 

i 

4 .  The  powder  size  has  a  dramatic  influence  on  the  densification 
of  the  NiAl/30vol%TiB2  composite. 


ACKNOWLEDGMENTS 

The  authors  wish  to  thank  Nicholas  Sopchak  and  Markus  Wegmann 
for  their  cooperation  and  experimental  help.  The  work  described 
in  this  paper  was  supported  by  Defense  Advanced  Research  Project 
Agency  (DARPA)  under  ONR  contract  number  N  00014-86-K-0770. 


REFERENCES 

1.  V.  K.  Sikka, "Processing  Technology  for  Nickel  Aluminides", 
Proceedings  of  Materials  Research  Society  Symposium, 
Materials  Research  Society,  Pittsburgh,  PA,  vol.  81,  1987, 
487-493. 

2.  D.  Alman  et  al., "Powder  Processing  of  Intermetallic  Matrix 
Composites",  Symposium  on  Advances  in  Processing  and 
Application  of  Ceramic  and  Metal  Matrix  Composites,  Canadian 
Institute  of  Metallurgists,  Halifax,  August  20-24,  1989. 

3.  R.  M.  German  and  A.  Bose, "Fabrication  of  Intermetallic 
Matrix  Composites",  Materials  Science  and  Engineering,  1989, 
vol.  A107 ,  107-116. 

4.  B.  H.  Rabin,  A.  Bose  and  R.  M.  German,  "Processing  Effects 
on  Densification  in  Reactive  Sintering  of  Nickel -Aluminum 
Powder  Mixtures",  Modern  Developments  in  Powder  Metallurgy, 
Metal  Powder  Industries  Federation,  'Princeton,  NJ,  vol.  20, 
1988,  511-529. 

5.  R.  M.  German, "Transient  Thermal  Effects  in  the  Synthesis  of 
Intermetallic  Alloys",  TMS  Meeting,  Anheim,  CA,  February  18- 
22,  1990. 

6.  J.  A.  Patchett  and  G.  J.  Abbaschian, "Kinetics  and  Mechanism 
of  Formation  of  Al-Ni  Intermetal lies",  Proceedings  of 
Materials  Research  Society  Symposium,  Materials  Research 
Society,  Pittsburgh,  PA,  vol.  81,  1986,  135-141. 

7.  J.  D.  Rigney,  P.  S.  Khadkikar,  J.  J.  Lewandowski  and  K. 
Vedula,  "Strength  and  Toughness  of  Composite  Materials  Based 
on  Nickel  Aluminide  Matrices",  Proceedings  of  Materials 
Research  Society  Symposium,  Materials  Research  Society, 
Pittsburgh,  PA,  vol.  133,  1989,  603-608. 

8.  S.  Nourbakhsh  et  al. , "Pressure  Casting  of  Ni3Al/Al2o3 
Composites",  Proceedings  of  Materials  Research  Society 
Symposium,  Materials  Research  Society,  Pittsburgh,  PA, 
vol. 133,  1989,  459-464. 

9.  J.  D.  Whittenberger,  S.  Kumar,  S.  K.  Mannan  and  R.  K. 
viswanadham  , "Slow  Plastic  Deformation  of  Extruded 
NlAl-lOTiBj  Particulate  Composites  at  1200  and  1300  K", 
Journal  of  Materials  Science  Letters,  vol.  9,  1990,  326-328. 

10.  R.  K.  Viswanadham,  J.  D.  Whittenberger,  S.  K.  Mannan  and  B. 
Sprissler,  "Elevated  Temperature  Slow  Plastic  Deformation  of 
NiAl/TiB2  Particulate  Composites",  Proceedings  of  Materials 


Economical  Aspects  of  Experiment  Design  for  Compaction  of  High  Temperature  Composites  1  f 


Research  Society  Symposium,  Materials  Research  Society, 
Pittsburgh,  PA,  vol. 120,  1988,  89-94. 

11.  E.  M.  Schulson  and  0.  R.  Barker,  "A  Brittle  to  Ductile 
Transition  in  NiAl  of  a  Critical  Grain  Size",  Scripta 
Metallurgica,  vol.  17,  1983,  519-522. 

12.  E.  P.  George  and  C.  T.  Liu,  "Brittle  Fracture  and  Grain 
Boundary  Chemistry  of  Microalloyed  NiAl" ,  Journal  of 
Materials  Research",  vol.  5,  1990,  No  4,  754-762. 

13.  D.  B.  Miracle,  S.  Russell  and  C.  C.  Law,  "Slip  System 
Modification  in  NiAl",  Proceedings  of  Materials  Research 
Society  Symposium,  Materials  Research  Society,  Pittsburgh, 
PA,  vol. 133,  1989,  225-230. 

14.  W.  Z.  Misiolek  and  R.  M.  German,  "Fabrication  of  NiAl/TiB2 
Intermetallic  Composites",  Advances  in  Powder  Metallurgy, 
Metal  Powder  Industries  Federation,  Princeton,  NJ,  vol.  2, 
1990,  161-172. 

15.  G.  Taguchi,  Introduction  to  Quality  Engineering.  Kraus 
International  Publications,  1986,  White  Plains,  N.Y. 

16.  A.  M.  Laptev,  N.  V.  Samarov  and  S.  V.  Podlesny,  "Theory  and 
Optimization  of  Hot  Isostatic  Pressing",  Powder  Metallurgy 
International,  vol. 22,  1990,  No  2,  23-25. 


Pressure  Assisted  Reactive  Sintering  of  MiAl/TiB; 


• 

c 

IQ 

w 

U 

5 

e 

M 

% 

u 

IQ 

£ 

O 

• 

I 

e  • 

C  ij 

X 

X 

1 

2  3 

■  ii 

v  v 
-** 
Sigo 

1$ 
m  *  r* 

m  «  o 

m  W  CD 
n  •  * 

* 

|u« 

c  >  ^ 

O  M  in 

e 

* 

« 

JB 

1  =  2 
ufjS 

•eg 

(j3(k 

">•  . 
mV  M 

3 

£  «  U 

Q< 

0 

<n 

•  S-4 
•5  *> 

.5  w  « 
£«» 

SI  Q  X 

3  m  >• 

Q 

fig 
u  - 

lev 

• 

X 

u  >• 
•  «  O 

H  ,s  ^ 

(Q  2  H 

?>2 
S  v  e 
“  >  > 

• 

* 

0 

v  a 
a  " 

<u  • 
°§§ 

H 

V  g 

V  ,? 

0 

3  s 

c  °* 

•H 

yj 

*5 

2 

— « 

V 

X 

u 

* 

ta 

a 

X 

, 

u 

• 

X 

• 

e  c  .  m  <u  •  e  _~-i  c  ui  u  c  •  e 

iainU0£ii*<0  3’4ig-Hj£ 

«  5  -<  -<  uc^o-ioizo 

Q.  ■h^J  s^-wee  cu^- 
utg.'xliun  e  •  r  ■§, 


v  a  u~* 
5  *»  e 


22>;S  2?-Sl 

3  e  •  9  Q  .■^S*,3 


•  394iti 
■g-Rfl  u  w  > 
S  e  e  a  q 
3  »  *  9-*!  ■ 


5  0  u  "O  e  «  -}  v  an  «  •  **•  o> 

&rihe*,,<«  Save?.* 

•2  u  e  .  u  >0,-c-e5  <u 

£  m  c  2  ?3  **  £  «  *m  ° 

7J  5  Jj  u  o  -m  .  c  u 

y  « «c  *  ^  ^  u *2  li  oiia  • 

S  2*  ■  2  0  8  2  •  *  • 

W0flu!i  i*eut)S*!£ 

?®*'aS8p>'o2-5S,;,Sc  ° 

r.  *■&•••* 


u  T5  U  _  a*-*-*" 

•  s.sSS  5s s2 


S.C  "  c2 
_  h  v  ■"* 


u  a  .  U  **  -at  «d  *»  ■£•  Tl 

a  0,  0)  .•]•  y  O  .  a  rn  6  n 


eae  .Mi  ^  «  ■  2*  S 

2*521*88  c«  cSS«-§c 

£ >*u li”  “•**  ‘*”.>d»a8 


5s*s*i-3 

-<  "  r4  JJ  V  “m 

U  H  S  •  M 


ae<M„&e«  w  eve"  _ 
!£)*!>•  v  -•us  g»S  o 

e  Uwueoeeeu-^^o^ 

u  c.  uesas-cee-u  oa 
uoo-geoosvu#a.eees 
osacecjsoeiuserse 
veeehivsu>iae'U*iue 


IQ  • 

o  It  „ 

*>  a  , 

0  S 

i*  tt  Tj 

-Sc* 

•  M  5 


o  2  •  S 

5  a  S  8 

>  o 


w  •  •  ®  **  • 
a  e  a  w  c  «  . 
^  ^  a  c  x 
_  c  u  _  M  •  a 

a  o  c  s  «  ■  o 

3  «  u  tl  C  —  •- 

i  ■  aw  o  w  w 
w  e  o  «  « 
e  »>,>._  0.;., 
a  c  £T»  ? x  o 

*3 s.5«5 
c  s  -Si's" 


u  c 
„oo 

•  4-* 

2  •  ? 

•  u  4 

£  u 
fr*  r-< 

<0  4 

c  x: 
o  +j 

•m  • 

•  we  m 
“S'"  « 

a  >  ><  « 

■  C  w  J3 

>oc  a 

BOO  H 


o  9  / 

Ss  a  |  |  |  1/ 

^  c  .si  5 

^2  i  5 

M  9  Q  ? 


11  fi 

h  h  3  3  g 

2  •  C  ^  5 

■o  ■*  "3  £  2 

s  s  s  3  a 

£  *  *2  71 


«INOO>«  .f  CHO'Cffci 
y  ««4)fibN2o>Heoeo 


«*4C>«44«l4 
0  0X1  JC-*H  $  o 

**H  4J  Jp  c  <M 
„.«*♦**  Po„ 


>«•  o  4« 
4J  4J  v  a  c 

•  m 

HNHO 

3I!§? 


**  %.  a  •  c  *  ■•5!** 


■h  o  .H  ^  ^  v  u  I  i  ! 

•  u  e  *£  O  «  ai 
W  -S  S  *p  Jew  „ a 


$ss:i2 

a  y  -« 


^  -h  §  •  h  * 
e  tj  n  • 

•*  «g  w  4*  * 

•  sSasi* 


«  ^  •  U  2  ■* 

r  o  a  *)  w  a 

P-ew  »a  «  « 


,,C5  ?" 
.  •  -5  a 

•  r  -  n 


v  « 

8*8°a-B*l5|? 

§I*Is8~!J2S2 

°  8  a  S  *2 


■  o^j  m 

2  u-g*  « 

•  Set 

.  ff9  U  A 

**  s  a  **  %  • 

1  8  e"  w 

3«{5; 

-  >  •  e  •  l; 
*J  *H  «  ®  f  * 

or  •3'®  a 
■Xa  C  «  g  ■ 

2  222* 
aot  S-g 

-  i®gs 

22-.“2 

**3=2 

-  2  J5  ?«o 

^«5o 

•  PS  2  8 

>5  iSi? 


m  3  r  m  ■  fc  w  ■  «  o  v  •  v 

CCfO  S  •  “  t  U  S-w-w  W  W  0  S  ••*» 
(•PHCiu  ebf^evM  "w-mwb 
5  a  a  a  •  •  «•  o  o>  a  *  w  w  ■  e  o  c 

S-!r;s5.s*ri  sills!! 
S2ss%ssss«2iHs&fl!%ss 


S^2£. 

4  9  0  Xi  4-h 


*  2  w  *  *3 

O  1  •  •  4J 

5  4J-4  V  « 
*•  *  c  o  c 
c  3^  «  4 
•H|0*u>h 


2*52.5 

u  k  4  4i 
^  4  C-*  U 

^  4  4  4  4 

o  8  &>  u 


2  2 
i  I 


a  2  * 

a  eS?|o 
S 

•  -M  5  "c  *  •* 

-  S^-f s  g  ' 

s:i?  B 

—  a.  2  >•  4  JC 

•  U  U  +*  •  tt 

•  -  Su>  c  C 
3€  e-t-  o  ~< 
c  a  r  0 

o  .*>  w  «  c  tn 

•**  O  M  v 

tl  °  ^5  ^ 

J!  "•  -*  w  5  -m 
®  m,  JJ  B  w  a 

£  •  ■S*!  2  3  c 

&A  U  5  *<  g  T3 

!*§I-e=s 

s::i|» 

•  ■o  _  ■*  _ 

U  N  H  b  -  • 

•m  &  4  »  4  tJ 

H  «  c  2  UH 

hh  a  c  i  w  • 

4J  4  4  *"«  o  ^ 

3  U  ■  4i<M  >, 


sis 

S’  5 

..  B 


•  •  •  C  *>«  >, 

W  C.  M  •  0  •  w 

•  H  r  £  w-< 

S  •  t>  OB 
_  .  ■o  a  s 
£  •  jo  i  •  • 

•ijH  •  S’14* 
Is  c *•  g? 

2  ® 1  “-“S  > 
«£S  h  u  .  u 

ls8fii2. 
.|5h"3S 
S|| S22* 

•2  C  -2  w  a  B 

*»  5  a  •  **  5  S’ 

3S;|5-f 
■pS w,i* 

♦H  **  u  c  5  >  2 

-"*ss*S 

.  c  M  4S  »  e  a 
2^2  •  ^  • 
1S25?|-g 
■saw**! 

m  a,_  x  •  •  u  . 

W  9-2  w  •  3  ^ 

Ce*l~"3>H* 

I_“  •  B  ?  B  U 

3  •  9  j  •  3 
•  _  k<  5.,,  • 


SS2S 


i  •  •  «  a 

i  r  I*  2  a 
>  «  ftS  3 


"»  e  b  <o  a  o>tj 
bo  area 

C  -<  TJ  WM  3 

O  w  a  ^  wo 
•m  o  I;-*  a  a ^ 

u  a  i,^mh 
c  _  v  a  a  o 
a  a  •  -mb*. 

>-Jb*i  c 
c  J3  ^  a 

O  3  _  »  C  W 

o  o  a  -m  c  c 
v  £  a  «  r 
a  H  a  o 

£w.ce 
v  a  u  w 
o  a  ,g  a~«  a 

W  „  3  3  3 

O’ 

a  _Tsn  c 
**  b  •  •  a  a-w 

•  *55  »  w  w 

-w  e  -w  o  a  a 

a  «*•  _  ^  o  a  . 
C  C  ^HUic 
o  -4  c  0  a  o 
o  e-4  _  a  a-* 
w  5  r  a  o  w 
2“eoiJ:*£« 

•  j  w  •*<  4  m 

4^5  js  4  *j  a 
b  «£  .  a  -«  4  « 
aui9  ts -w  c 

^  j5  -  4-4 

tf  14  m  a*i  •  • 

Z  3  C  c  hM 
r  c-^  o  2  “  a 

_  -4  n  «  X  ■ 
C4X  jah.'b 
O  >U  O-H  ( 

0*2  J  •  a  jc 

bi  5  o  -I  4  %- 

4  -a  4  a  o 

C  Cy  ft 

•  41  --3«b 

^  mucoum 

m  o  cr  >  >• 

4 

•  4  q  £Cm 
k-  U  V  *  C  fa  • 

^  a  §  *  4  £  i. 

^  5.  U  *14 

o  &0  4J  .  *> 

•  -*  ab  c  *  a 

£  *4  ^  4  o  u  o 

Fa5-«44 

4  •  4  C  y  I  C 

W  -H  ^  u  4  4 
•0  4  *9  4  t4 

4  0  4  4  >* 

£«hW bua 


>.  ■  C  4  w  4 
X3  4  0  JS  <  £ 

-i  *J  <M 
£  4J 

T3  C  J  ■*-»  -  O 

•  b  «  •£** 
^ft4£  O' 

**  U  *>  3  TJ 
0  s  .,0« 
u  £  •  m  c  ^ 

*>  £  £  2  •  *2 
£  w  £  S- 

0  .  5  o  •  « 

a  g  •  <m  • 

a  w  o  -o  i; 

>!sss 

w  •  3  w  _ 

g  -  •  *  O 

**  ?  *  0>w  c  ' 

a"wt  C - 
a«S«3t  „ 

a  *  ■  e  s  —  “ 

*>  -  T*-m  o  2 

*s."°S 

C  5*>  a  g 

a  o  •  _  a  o 

*,’S5^5 

•  w  073  O’ 

w  c  «  e  o  c 

£ • a 

fc’w-wa*wfc< 

>,  Wi  J  t 

_  3  a  c  S  w 
9*0  a-w  *;  c 

b  U  W  -H 

*l!5gc 

«  £  js  _  a 

fS-S  . 

•  a4«4  •»!  *1 

eS’Sil  3 
^  «  -M  4  ® 
9Cb>4 
o*  a  4  c  h 
4  O  4J  O 
bbHO« 


«  C  «£ 
COPCi 
0 c<*<«4£ 

4J  £  U  V* 

g  *  ‘S,"”'  *  “ 

S5il->c 

*>  *i  3^*^ 

■**  ow:-s 
Z«**S  *•€  i 

sSSc^S- 

*+  9  0  O  0  *  - 

S2SU.52 
25£?1«5 
e  g  .SSjc 

s««4s 

w  M  •  ■  o«  • 

•  h  ! 

r55r|Ja 

ti  0--  o  ^ 

“sr’sss 

&  o  w  "S 
c  m w • u*  ■ 
^  U  0  c  •  c  ' 

•5SS^°" 

sL*,s?. 

"H  fi.  O  >*4J  u 
(A  U  3 

c  o  *  •-«  s  0 

0«  «  KV  « 

u  c  c  c  • 


3  •  £ 

r  •  © 

o  •  » 

0)  hK 
•  0  * 

uH: 
o  o 
*  o 
«  •  o 
c  ^  a 
or  £ 

9 

v>  0  v> 
p+  u 

mom 

i.  u 

K  0  Vi 
£  C 


.  o  m 

u  c, 

*§*  5 

M  **H  u 
C  V»  0 

«  a  v 

rut 

Vi  0  3 

_  Q, 

o  o  < 

vi  a 

•  a 

•  r  < 

•  *»  o 

^  r  a 

_  vi  z 
2^° 
o  o.£ 

9  <-• 

•  T3 

•  r  • 

U  U 

o  u  o 
jc-h  « 

Vi  0  C 

3  r  o 

«  V»  Q. 


•  *  0  0  «  pH  «.  o  0 

r^rr  5  «  •  >  u 

HCVIvl£viUVI0 
0  vi  c  3  . 


if!is*ss« 

M  4^  ^  ^  4  <  0  m 

t)  7,  C  ^  y  ■ 

u  S;  fc  o  o  m  ** 

•  55u«  .8*2 


>*! 2  m  0  ■  f'*-  5 

M  u  2  J  ^  h  «  W  r 

!S  ii,» 

—  •SCjJfjg 

*Errol*U* 

L«  0  * 

-i  u  0-7  u.  r  w 

■°  •  >.«  -  o*1  -Z 
5c  £S5?S| 

0  JL« 

.o  z  b  t,  o  £•  a. 

X)  —  *  3  ?**  *  i-« 

!2  ^  -C  *  "  C  b  »|  7 

<#  C  i  « •£  a_  JJ 

sa*s*Sslgs 

0  ^  •  B  *  n  .4 

0  TJ  ■  0  5  I  0  afr* 
v*  u  5  w  -»  e  •*  o  £ 

S  S  P  .5  2  *»  fi  ** 

£*=  •  .,*rs 

0  *  0  0  0  -H  .  ±i 

<30  «h  0  K  0  0  C 
ll££4£3-H0^|| 
*0  U  U  0  0  U000 

-C'-0Hiv  »>0 

0?r^«^0a00u 

luouijS'a 


■»•  *» 

2  S  o  2  °  ° 

2  2-2  10  * 
g>i  "  n  n 

2: 

H 


g  X  H  H  « 
2  w 
a. 


2£oS5 

VI  0  U  JC. 

9  C  O  O 

?  0%4  £ 
fi  •‘2.  2 

c*?!a • 
5  V  ^  C  0  N 

£«•  .5  • 

.g5"  s 

•' c • 0- 


•2  g  nZ 

S  s'®  5  «o 
3  «  *  9  “3  c 
5-SJfr.S 

b  *2  b  •  *J 

;>>■  5  2 

*  3  ■  § 

2  S  •  7“ 
S " if • « 

2  “  * 

2  }<•« 

3  »  ■  3  mm* 

g  2  .g-? 
■  3  S.-‘  •  * 

U  It  £  •  5 

,  •  »  JB  S 

g^fw^a 
O'  0*  o 

lu  i«“ 

u  c  .  5  ** 
x  •  “o  — 
►*  I  j  _  -o  * 

■b  >  2  t>  jt 

|  b  41  0  b  0 

J  — i  Mb 

ac  «»  a b 
juoas 

•  *  ■  «  — 


■  o 

O  3  • 
2*  = 
*2.8 
g°2* 
3*a-S 

3  «  t>  f 

?  •a> 

S  -S  M 
u  **  £  o 

c  a 

,£% 
0  v>  c  0 

"g 

S«52 

*  fr3  - 

3:^3 

I  ^5 

JJ  •« 
£  »  c  « 

*i«: 

ps? 

0  v-  x  5 

^  0  •  tl 

-•*  m  %* 

?£  °-5 

4  Vil 

0  *0 
C  vl  0  0 

<  U  4J 

0  t3  *4 

&  U  3 

a -i  m 
3  r  0 
0  v»  u 


■Sb2frgg 

b  CS  -H  «  C  -. 
_*»X  >Hb 


?psf| 

8c-y*J  «T5 

Jo,* 

M  "  •  *  .  b 

jj  H  *  0£  5 

CL  •  b 

Xm  •  ■  £  • 

•  .C  »«£ 


iJSpSa 

■  W  L  ®  *  * 

.  Q,v>  ^  O  3 
vi  **•:  0  o  *o 

2v  c  ^  c 
O  «  o  ^  *  0 

-5  i-r  >  8 

a  b  •  S  %  io 

?  flS’x 
5^‘?a 
5!81* s 
|||2§3 

5.S5.Sb 

5£iw|g 

®  0  0  Jc  c  2 

2-  5 

•  c  £  e  ' 

£  o  2^ >b 

H  —  “  M  • 
"  W  £ 
M  O  —  b 

T)  •  a  a  b 
2  £  “5  "  3 

0  H  CL  U  <u 


»  0  C  N  0~4<*  0  0 
IH-H-H  VtJ  U 

I  «  •  >  »  3  Vi 

1  o  2  •  sf Sc 

i  Sgb.is, 

it'3g  so. 
'«  s:^o>> 

i  *  «  a  b  "  .  b 

|!  aSllS, 

•  2°m-°  "'b 

•a£«*§  - 

•  o'*  °5  • 
£  c  J5: 

5-o  *  5  *  s^; 

Jb-Jb*  ,  ,, 

•  o  **  •  §  £ 

V1  U£  Va  C 

si  •  2r  •  o  s. 

*5  •  * 

•^og-o-S^S. 

b  a  **  £  H  ®  5  ' 

isg;  .SH: 

fb  £  V  —  r 

38  .*£•?£ 
•SS.*SH30 

|lsS«  •  8H 
“  IS-  *  2- 

•  ■  £  ?JC  3  b  « 

41  £  _  £  o  ^ 

£82*1^1 


5  ^  tj  o* 
2  •  „  c 

ft  -  Cb 
r  •»<  c 
>  >  Tl- 


ft  3  n  b  £ 

■  “b  £  u 

2  S  «  0 

a  b  »  • 

•  >  f  0  u  ^ 

o  v  a- 

0  3  ■  vi  0  0 

U  VI  0  0  .c  c 

a  r  v»  u  vi  £ 


Advances  in  Powder  Metal lurgy- 
1991,  PP»  175-180. 


in j action  Molding  ud  Reactive  sintering  of  Ni^ai 

Markus  R.  Wegmann,  Wojtek  Z.  Mieiolek, 
and  Randall  M.  Carman* 

Matarials  Knginaaring  Dapartmant,  HI, 

Trey,  NY  121S0-3S9O 

’Engineering  deianea  and  Maehaniea  Dapartmant, 
Pannayl vanla  State  University, 
University  Dark,  PR  1SS02 


(attract 

This  study  invastigatas  the  application  of  powder  Injection  molding  and 
raactiva  sintering  to  the  fabrication  of  Ni,Al.  Low  denaity  and  good  resistance 
to  corrosion  and  oxidation  at  high  temperatures  make  NijAl  an  attractive  material 
(or  many  applications.  Injection  molding  permits  a  large  degree  of  flexibility 
in  shaping  a  component,  but  places  tight  sisa  and  shape  restrictions  on  the  metal 
powder  in  question.  Prealloyed  NljAl  powder  with  tho  required  partiele  also  and 
dupe  is  not  available,  so  elemental  nleknl  and  alwalnua  powders  with  suitable 
pnrticla  characteristics  were  mixed  with  binder  and  injection  molded.  The 
eoepacts  were  debound  using  a  combination  of  solvent  vapor  and  thermal  debinding 
treatments  and  densified  using  reactive  sintering  in  either  a  dry  hydrogen 
atmosphere  or  under  vacuum.  Initial  experiments  showed  severe  shape  distortion 
during  sintering  in  either  atmosphere.  Further  Investigation  revealed  that  the 
dupe  distortion  is  a  strong  function  of  the  thermal  debinding  cycle  and  of 
thermal  gradients  set  up  in  the  compacts  during  sintering.  Final  densities  for 
maples  sintered  in  hydrogen  are  low  at  approximately  70%  of  theoretical,  but  the 
Maples  sintered  under  vacuum  are  significantly  mere  denee. 

tat  reduction 

The  high  oxidation  resistance  at  elevated  temperatures  and  low  density  of 
inesmetallic  M1,A1  make  it  a  suitable  candidate  for  applications  such  as  heat 
anginas  which  require  good  high  temperature  performance  and  low  weight.  The 
auaarous  small  and  complex  shaped  components  likely  to  bo  encountered  in  such  an 
application  lend  themselves  to  forming  by  powder  injection  molding  (PIN),  which 
offers  good  shaping  flexibility  without  the  large  energy  expenditure  and  waste 
wsociated  with  traditional  machining  processes.  Cost  and  energy  savings  are  also 
masnstrated  advantages  of  reactive  sintering,  a  relatively  simple  and 
aasrgstically  undemanding  consolidation  process  which  uses  readily  available 
olaeental  powders.  The  motivation  for  this  work  ie  to  combine  these  processing 
advantages  of  PIN  and  reactive  sintering  in  fabricating  N1,R1  components. 

tractive  Sintering 

Self-propagating  high-temperature  synthesis  (IMS)  operates  on  the  principle 
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that  an  exothermic  raaction  may  driva  itself  to  completion  if  it  product* 
auffieiant  axotharmic  energy”.  Onca  tha  raaction  ia  initiatad,  a  combustion  wa*t 
propagates  through  tha  reactant  compact,  leaving  behind  tha  product.  if  * 
transient  liquid  phase  forms  during  tha  reaction,  synthesis  and  dansif ication  eaa 
be  manipulated  to  occur  simultaneously.1  This  special  ease  of  SHS  is  calls* 
reactive  sintering.  Figure  1  shows  four  consecutive  moments  in  tha  combustle* 
wavs  propagation  through  a  compact  of  nickel  and  aluminum  powders.  The  violence 
and  speed  of  the  reaction  make  acceptable  shape  retention  difficult  to  achieve. 


r igure  1.  Propagation  of  the  combustion  wave  through  a  NijAl  compact.  Frames  are 
separated  by  2  sec. 

In  this  work  the  reactant  compact  is  a  mixture  of  eleswntal  nickel  tad 
aluminum  powders  nesr  the  Nl,Al  stoichiometry.  Ignition  is  achieved  by  heating  tbs 
mixture  to  a  temperature  where  the  reaction  oceure  spontaneously.  As  the  compact 
is  heated  to  the  first  eutectic  temperature  at  approximately  910  K,  intermetallle 
phases  are  generated  around  the  nickel  particles  by  solid-state  diffusion.  Liquid 
A1  is  formed  at  the  first  eutectic  temperature  and  this  liquid  surrounds  ami 
consumes  the  nickel  particles  in  the  cos&ustion  wavefront.  The  alualnid* 
precipitates  behind  the  wavefront,  forming  the  final  deneified  product.  Tbs 
highly,  exothermic  charscter  of  the  reaction  is  manifested  in  a  temperature  rim 
of  approximately  1S00K  in  the  reaction  sons. 

Methodology 

The  nickel  and  aluminum  powders  were  chosen  on  the  basis  for  thair 
suitability  for  injection  molding  and  reactive  sintering.  The  injection  noldUf 
process  dictates  a  spherical  particle  shape  and  a  else  smaller  than  29pm  for  qoMI 
flow  characteristics.  Reactive  sintering  requires  small  particle  sites  to  aU 
intermixing  and  to  sustain  the  connectivity  of  phases  in  the  combustion  wave*.  t» 
dace  two  NijAl  stoichiometry  powder  systems  have  been  combined  with  an  orgaalr 
binder,  described  in  Table  It  System  1  is  a  64  volt  powder  feedstock  with  ll.ie 
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U  and  8.5pm  Ni  powder*  (1.8  >  1  particle  lit*  ratio),  and  System  Hi  a  SS  volt 
powder  feedstock  with  4.0pm  A1  and  4.0pm  Ni  particle  else*  (1  :  1  particle  size 
ratio).  Powder  characteristics  are  listed  in  Table  II. 


Table  I 

Binder  Composition 


Component 

Weight  Percent 

(wt.%) 

paraffin  wax 

69 

polypropylene 

20 

1  carnauba  wax 

10 

i  stearic  acid 

1 

Table  II 

Powder  Characteristics 


Material 

Vendor /Des ignat ion 

Particle  size  (pm) 

Nickel 

Novamet  4SP 

8.5 

Aluminum 

Valimet  H-10 

15.5 

Nickel 

Novamet  4SP  -10pm 

4.0 

Aluminum 

Valimet  H-3 

4.0 

Tensile  test  and  bend  test  specimen  pairs  of  both  systems  were  produced  with 
a  Tachmire  Model  CEM -01  injection  molding  machine.  Two  different  setup  geometries 
•ere  considered  for  the  subsequent  processing  steps,  .the  specimens  being  either 
placed  flat  on  a  porous  alumina  substrate,  or  embedded  in  5pm  alumina  wicking 
powder  within  a  crucible.  Debinding  was  achieved  using  solvent  vapor  debinding 
with  heptane  followed  by  thermal  debinding  under  hydrogen.  A  dilatometry  test 
confirmed  the  onset  of  the  combustion  wave  ap  910  K,  and  reactive  sintering  was 
performed  under  either  hydrogen  or  vacuum. 

lasults 

After  sintering  the  influence  of  the  setup  geometry  on  the  final  product  was 
visually  striking,  as  demonstrated  in  Figure  2.  Apparently  the  low  thermal 
conductivity  of  the  porous  alumina  substrate  delays  the  reaction  initiation  in  the 
lower  part  of  the  compact.  Thus,  denslf ication  and  shrinkage  occurs  first  along 
the  top  surface,  causing  the  samples  to  bow  upward.  By  embedding  the  specimens 
In  alumina  wicking  powder  such  temperature  gradients  are  avoided,  resulting  in 
such  better  shape  retention,  and  so  the  substrate  approach  was  abandoned.  Shape 
retention  needs  to  be  improved  further  by  stipulation  of  the  remaining  processing 
parameters. 

A  major  problem  with  simply  heating  the  compacts  to  the  reaction  temperature 
was  controlling  the  location  of  the  reaction  initiation.  Figure  3  depicts  a  pair 
«f  test  specimens  whose  sintering  cycle  resulted  in  pronounced  surface  features, 
and  it  shows  clearly  the  random  nature  o4  the  starting  point.  A  passive  ignitor 
In  the  form  of  a  small  copper  plate  was  the  solution;  The  plate  is  embedded 
alongside  the  compact  with  one  end  touching  the  compact  at  the  desired  ignition 
point  and  the  other  end  protruding  above  the  alumina  powder  into  the  furnace 
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substrata  wteung  »o«Mr 


Figure  2.  The  effect  of  eetup  geometry  on  overall  shape  retention. 


Figure  3.  Photograph  of  specimens  showing  pointe  of  reaction  initiation. 

atmosphere.  The  high  thermal  conductivity  of  the  copper  plate  causes  the  contact 
point  to  reach  the  desired  temperature  first  and  the  reaction  proceeds  from  then. 

The  highest  densities  achieved  for  either  system  with  similar  debinding  aai 
sintering  processes  were  approximately  S4*  of  theoretical,  falling  well  abort  of 
the  9SI+  desired.  The  pertinent  debinding  and  sintering  profiles  are  shown  is 
Figure  4.  Despite  its  nine  percent  lower  loading,  System  2  with  a  1  i  1  alumina 
to  nickel  particle  sise  ratio  denslfied  as  such  as  System  1  with  a  l.S  i  1 
particle  sise  ratio.  This  indicates  that  System  2  with  the  small  aluminum  wosU 
density  somewhat  more  if  its  volume  fraction  of  powder  were  equivalent  to  that  of 
System  1  with  the  large  hi  partieles.  This  bears  out  previous  results1  which 
showed  that  with  aluminum  particles  larger  or  equivalent  in  else  to  the  nicks! 
particles,  the  network  of  liquid  aluminum  during  combustion  is  discontinuoua  oaf 
consequently  densif icatlon  is  localised  and  accompanied  by  pore  formation. 
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Nfvre  4.  Temperature  prof i las  used  to  aehiava  84t  of  theoretical  danaity.  (a) 
flwraal  debinding  undar  dry  hydrogan.  (b)  Sintering  undar  vacuum. 


t igura  s.  Pora  atructura  of  reactive  aintarad  91,41,  12%  dona*. 

Thoao  compact  a  aintarad  undar  vaeuuai  conaiatantly  axhibitad  a  danaity  lot 
higher  than  thoaa  aintarad  undar  hydrogan.  Thia  indieataa  that  pockets  of  gaa 
inhibit  dans  if  teat  ion,  but  ainea  hydrogan  la  aolubia  in  NiaAl,  tha  raauiting  poraa 
uara  expected  to  ba  rathar  email’.  Poraa  too  largo  to  ba  attributod  to  particla 
•Ka  ratio  eonaidarationa  or  antrappad  gaa  vara  obaarvad  in  all  tha  aintarad 
eoapacta.  A  aampla  Micrograph  ia  shown  in  Piguro  S.  Tha  Moot  likaly  origin  of 
thaaa  poraa  ia  vaporising  pockata  of  roaldual  bindar,  probably  polypropylana,  in 
tha  combustion  wava.  A  l.S  hour  hold  at  773K  waa  incorporatad  into  tha  sintarlng 
eyclo  in  an  attaapt  to  purga  tha  polyaar.  Howavar ,  at  only  130  K  balow  tha 
eutectic  tampers tura,  aelid-atata  diffusion  was  graatly  accolaratad  and  no 
raactanta  remained  at  tha  and  of  tha  hold.  Tha  path  being  followed  now  is  tha  use 
of  a  bindar  whose  components  will  ba  removed  from  tha  compacts  balow  about  S00K. 

Conclusion  a 

Combining  powder  injection  Molding  and  reactive  sintering  to  produce 
intermetallic  NijAl  ia  proving  to  ba  quite  a  challenge.  Control  has  boon 
sstabliahad  over  shape  retention  and  reaction  initiation.  Sintering  undar  vacuum 
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seems  to  be  a  requisite  for  higher  densities.  However,  a  ehorefall  in  denaity 
remaina  an  open  iaaue,  with  particle  sizes  and  binder  choicee  seeming  to  be  tha 
key  to  the  eolution.  Current  work  ia  focusing  on  the  uee  of  a  lower  temperatura 
binder  and  smaller  aluminum*  part  idea  to  aid  the  connectivity  of  the  liquid  phaaa, 
and  the  application  of  preaaure  to  the!  compact!  during  the  reactive  sintering 
procaaa. 
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INTRODUCTION 

Although  lntermetallics  baaed  upon  aluainua  or  aillcon  tend 
to  have  a  very  attractive  coablnatlon  of  low  denaity  and  excellent 
oxidation  reaiatance,  they  auffer  froa  lack  of  adequate  creep  atrength 
and,  in  aoat  caaea,  froa  inadequate  ductility  and  toughnea*.  It 
haa  been  recognised  for  aeveral  year*  that  an  approach  which  could 
alaultaneoualy  aolve  both  probleaa,  without  degrading  other  propertiea, 
i*  to  utilise  the  interaetallic*  aa  aatricea  for  coapoaite  material*. 

The  conaequence  haa  been  an  exploaion  of  intereat  in  two-phaae  interaetalllc- 
baaed  alloy* ,  aa  ia  aanifested  in  the  current  syaposlua. 

With  the  exception  of  aoae  early  work  by  Seybolt*!',  interaetallic 
aatricea  have  been  utilised  for  coapoaite*  only  for  the  peat  5-6 
years t  the  first  published  reference  to  ayateaatlc  studies  of  flbroua 
coapoaite*  dates  froa  the  proceedings  of  an  MRS  conference  in  Dec. 

198612*.  Thus  the  published  literature  la  auch  sparser  than,  for 
exaaple,  on  ceraaie  aetrix  coapoaite*  which  have  been  under  developaent 
for  a  auch  longer  period.  Nevertheless,  there  are' now  an  appreciable 
nuaber  of  Interaetallic  aatricea  that  have  been  reinforced  with  (lbers 
or  particles.  This  paper  Introduces  a  session  on  processing  of  lntsraetalllc 
aetrix  coaposltes,  and  is  Intended  to  survey  a  broad  rang*  of  innovative 
processing  techniques.  Further  details  will  be  provided  in  the  individual 
papers  of  this  and  other  sessions. 


OVERVIEW  OF  PROCESSING  TECHNIQUES 

Because  of  the  relatively  high  asltlng  points  and  extreae  brittleness 
of  aoat  interaetallic  coapounds  utilised  as  aatrlces,  as  well  as 
other  significant  advantages,  thers  has  been  enoxaous  effort  devoted 
to  powder  aetallurglcal  techniques.  In  this  category  w*  include 
reactive  sintering  of  cleaental  or  elemental  plus  prealloyed  powderal 3-7 J , 
reactive  hot  pressing*!,  reactive  HlPing*5*71 ,  injection  molding!4-9' , 
the  XD  process!10-14',  dynamic  compact ion  of  powders* 15-18 > ,  aschanlcal 
alloying* 19-21]  the  powder  cloth  method!2*24*25'  and,  of  course, 
traditional  hot  pressing  techniques*22*23 ' .  Most  recently  a  process 
consisting  of  alxlng  a  coablnatlon  of  alloy  rod  or  tubing  with  matrix 
alloy  powder  to  provide  aucroscoplc  plus  microscopic  toughening  has 
been  developed  by  UTRC  and  labelled.  Mlcrostructurally  toughened 
coaposltes! 24 '.  Among  all  the  powder  processes,  only  injection  molding, 
reactive  hot  pressing  and  the  mlcrostructural  toughening  procedure 
have  produced  aligned  coaposltes. 

In  order  to  overcome  the  Inherent  limitations  of  aost  powder 
techniques  in  providing  allgnsd  coaposltes  two  other  major  categories 
of  composite  preparation  have  been  studied  and  are  reviewed  in  this 
paper.  These  are  vapor  deposition  processing  (CVD,  evil2  -z  *  or 
plasaa  spraying* 30 1 )  to  produce  monolithic,  fibrous  or  laminated 
structures,  and  liquid  metal  infiltration* 31-34 * . 
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POWDER  PROCESSING 
Reactive  Consolidation 

Several  variance  of  reactive  sintering  have  been  employed  to 
consolidate  incermetalllc  matrix  composites.  All  incorporate  fibers 
or  particles  in  a  mixture  of  at  least  some  elemental  powders,  although 
prealloyed  powders  also  may  be  present  to  dampen  the  reaction'7'. 

The  basis  of  all  reactive  sintering  processes  is  the  formation  of 
a  liquid  phase  as  a  result  of  an  exothermic  reaction  between  elemental 
powders  present  in  the  mixture.  The  liquid  phase  accelerates  consolidation, 
and  is  consumed  during  Che  process^!.  The  reaction  may  proceed 
with  no  pressure  (reactive  sintering,  RS ) ,  with  lsostatic  pressure 
(reactive  hot  laoscatic  pressing,  RHIP)  or  unidirectional  pressure 
(reactive  hoc  pressing,  RHP).  A  flow  chart  for  RHIP  of  NiAl  is  shown 
in  Pig.  1.  This  procedure  generally  has  been  utilised  to  produce 
particulate-reinforced  and  random-fiber  reinforced  iv.’  ? metallic!. 

A  typical  mlcroatructure  of  NiAl-20vlTlB2  composites  shown  in 
Fig.  2,  while  compressive  flow  stresses  vs  temperatu:  :r  several 

composites  are  shown  in  Fig.  3l7!.  AljTa  composites  .  lOvl  Saflll 
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Fig.  1  Flow  chart  for  RHIP  of  NiAl.  Fig.  2  Microstructures  of  NiAl- 

20vXT1B2. 
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Fig.  3  Compressive  flow  stresses  vs  temperaturs 
for  N1A1-T1B2* 
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fiber*,  randomly  oriented,  have  been  consolidated  by  RHIP  at  1200eC, 
with  a  pressure  of  172MPa.  However,  damage  to  the  fibers  occurred 
during  procetsing:  this  can  be  alleviated  by  reducing  pressure  during 
the  RHIP  cycle!®*'!. 

With  NbAlj,  best  sintering  densiflcatlon  occurs  with  a  9 urn  niobium 
powder  formed  by  hydrlde-dehydrlde  and  a  30um  aluminum  (helium  atomized) 
powder I4*®®!.  The  mixed  powders  are  compacted  at  200MPa  giving  a 
77%  green  density,  heated  to  500°C  for  degassing,  then  heated  at 
IS  K/mln  to  1200‘C  and  held  at  that  temperature  for  1  h.  The  resulting 
product  is  95%  dense  and  essentially  pure  NbAlj.  Reactive  HIPing 
follows  a  similar  processing  route  with  a  170MP*  pressure  giving 
98%  density.  The  incorporation  of  30  v%  short  randomly  oriented, 

Saffll  AI2O3  fibers  gives  a  composite  with  a  Rockwell  hardness  of 
87  HRA  in  contrast  with  HRA  72  for  the  monolithic  KbAlj.  However, 
the  composites  are  almost  as  brittle  as  NbAlj. 

Antoni®!  has  employed  RHP  to  produce  both  continuous  and  random 
fiber  AI2O3  reinforced  A^Ta.  Toughness  and  strength  Improvements 
were  achieved  with  the  former  only. 

In  some  cases  reactive  sintering  has  been  used  as  a  precursor 
to  conventional  HIPing  in  order  to  produce  prealloyed  powders.  For 
example,  attempts  to  form  y-TlAl  directly  by  RTS  were  frustrated 
by  formation  of  AI3TI,  which  inhibited  diffusion  and  full  consolidation!4*®® 1 . 
Therefore,  RS  was  used  to  prepare  prealloyed  A^Tl+Ti+Al  mixtures 
which  were  subsequently  consolidated  to  nearly  full  density. 

The  key  to  successful  reactive  consolidation  is  the  us*  of  fine 
powders,  the  existence  of  a  finite  controllable  exotherm  and  the 
lack  of  formation  of  Intervening  compounds  (as  in  the  Al-Tl  system 
cited  above).  When  full  density  is  not  achieved  by  RS,  subsequent 
consolidation  by  HIP  can  be  employed,  although  in  these  cases  a  single 
stag*  RHIP  operation  is  more  efficient. 

Processing  conditions  which  Influence  the  reaction  between  the 
constituent  powders  alter  the  amount,  distribution,  and  duration 
of  the  liquid!®7!.  However,  unlike  in  other  sintering  studies,  time 
at  temperature  is  not  a  significant  factor  since  the  process  occurs 
rapidly  once  the  liquid  forms.  The  role  of  the  various  process  parameters 
can  be  explained  in  terms  of  their  effects  on  the  liquid  phase. 

Sintering  atmosphere  plays  a  role  in  determining  the  sintered 
density  is  explained  by  heat  conduction  and  entrapped  gas  effect*!9!. 

Heat  is  carried  away  from  the  compact  during  reaction  by  the  higher 
thermal  conductivity  of  a  gas  vs  vacuum.  Vacuum  is  the  best  environment, 
especially  for  TlAl*®®*,  NbA^!®®!,  and  TaAi3®. 


In  lection  Molding 

Raactlv*  consolidation  may  also  be  applied  to  injection  molding, 
a  process  Increasingly  being  applied  to  monolithic  and  composite 
metallic  based  material*!®7! .  In  injection  molding  a  mixture  of 
powders,  short  fibers  and  a  binder  is  extruded  through  a  tapered 
die  to  achieve  fiber  alignment.  Extrusion  must  be  performed  above 
the  softening  temperature  of  the  binder.  After  extrusion  the  binder 
is  removed  (thermally  or  by  vicking  action)  and  the  ompact  is  consolidated 
to  approximately  full  density  by  HIPing.  Apart  from  the  alignment 
of  fibers,  which  is  achieved  only  when  particles  and  fibers  are  very 
small  in  diameter  (^lOum),  this  process  offers  the  possibility  of 
producing  complex  P/M  parts.  However,  the  principal  disadvantages 
are  the  difficulty  of  complete  binder  removal  and  the  inability  to 
produce  continuous  fiber-reinforced  composites,  nevertheless,  fully 
dens*  Al203-r*lnforc*d  composites  of  KiAl  and  MoSi?  have  been  produced 
successfully  by  this  method,  as  shown  in  Pig.  4(39] . 
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Mechanical  Alloying 

Mechanical  alloying  is  a  powder  process  involving  high  energy 
milling  of  (dry)  powders  of  a  generally  ductile  matrix  with  ceramic 
particles.  Although  mechanically  alloyed  nickel  and  aluminum  alloys 
have  been  widely  studied  and  comerclally  applied,  relatively  little 
work  has  been  done  on  mechanical  alloying  of  intermetalllcs. 

SeyboltlH,  in  1966,  first  produced  dispersions  of  AI2O3,  Th02 
or  Y2O3  in  NiAl  and  AI2O3  in  FeAl  by  ball  milling.  The  latter  alloy 
displayed  a  4001  Increase  in  rupture  strength  over  the  matrix  alloy 
alone. 

Later  work  at  Oak  Ridge  National  Lab  was  done  with  B-doped  NI3AI, 
mechanically  alloyed  with  1%  A1 2O3  f J .  The  resultant  fine  grain 
size  actually  caused  a  weakening  of  the  base  alloy  at  high  temperatures. 
Later  work  on  mechanical  alloying  of  the  same  N^Al-base  alloy  with 
several  oxides  produced  a  brittle  alloy  when  tested  at  510°cf'9). 

These  early  attempts  at  mechanical  alloying  all  suffered  from  an 
excess  in  size  and  quantity  of  oxide  particles  relative  to  that  needed 
for  dispersion  strengthening.  With  better  process  control  Strothurs 
and  Vedula^l]  were  able  to  mechanically  alloy  FeAl  with  Y2O3,  resulting 
in  a  good  combination  of  strength  and  ductility  at  room  temperature. 

More  recently  still,  Benn  et  alt 20 J  have  consolidated  several 
intermetalllcs  based  upon  the  N13A1,  N1A1  or  N^Al-HIlAl  matrices. 

The  use  of  elemental  powders  in  the  initial  charge  led  to  the  production 
of  very  fine  mechanically  alloyed  powders  which  were  canned  and  extruded 
at  1150*C  in  preparation  for  mechanical  testing. 

Reaction  milling  has  been  described  as  a  hybrid  process  combining 
both  mechanical  allaying  and  chemical  reactions' l41 1 .  A  composite  of 
NiAl  with  very  small  AIN  particles  was  Inadvertently  produced  by 
Luton  et  all4*l  when  they  attempted  to  mill  NiAl  with  Y2O3  in  liquid 
nitrogen.  Compressive  tests  at  1300°K  showed  that  the  NiAl/AIN  composite 
is  at  least  twice  as  strong  as  NIA1-10XTIB2  over  a  strain  rate  range 
of  10"7  to  2xl0"^s*l.  Whlttenbergeri^l  has  suggested  that  high 
energy  milling  in  different  liquid  or  gaseous  environments  should 
be  studied  as  a  means  of  producing  other  reaction  milled  composites. 


XD  PROCESSING 

The  XD  process  developed  by  Martin  Marietta  has  generally  been 
utilized  to  produce  multiphase  alloy  powders  which  are  subsequently 
hot  pressed  to  full  density  at  temperatures  of  the  order  of  1450°C 
in  graphite  dies l 1®" 1^1.  The  process  can  incorporate  both  hard  (strengthening) 
and  soft  (toughening)  phases  of  various  sizes.  Morphologies  ranging 
from  whiskers  to  platelets  can  be  obtained  by  appropriate  process 
control.  The  XD  process  also  is  compatible  with  casting  and  fabrication 
techniques!  Investment  casting,  forgings,  extrusions  and  rolled  sheets 
have  been  produced.  The  most  c omasum  reinforcement  has  been  T1B2, 
which  has  been  incorporated  as  1  urn  diameter  particles  into  T1A1, 

TIAI+TI3AI ,  NiAl,  NiAl/Nl2AlTl  and  CoAl  matrices  in  the  form  of  a 
weakly  bonded  compact.  After  synthesis  the  samples  usually  are  broken 
up,  milled  and  then  consolidated  by  hot  pressing  or  HlPlngl*1!. 

Typical  microstructures  and  mechanical  properties  of  hot  pressed 
N1A1-T1B2  compacts  are  shown  in  Fig.  51*11. 

A  method  that  appears  to  be  similar  to  the  XD  process  of  Martin 
Marietta  has  been  developed  by  GTE  Products  Corpt^J . 


Powder  Cloth  Procsss 
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Fig.  4  Aligned  N1A1/A1203  by  injection  molding. 


Fig.  5  Microstructure  end  mechanical  properties 
of  XD*NiAi-TiB2 . 

The  powder  cloth  method  wee  the  firat  reported  to  fabricate 
intermetalllc  matrix  composites.  Brindley  described  Che  technique 
and  provided  some  mechanical  property  data  for  continuous  fiber  (TijAl+NM/Sict2 
and  Fe-40Ai/W  and  NiAl/W  composites t *1 1 . 

In  this  method,  see  Fig.  6,  the  intermetalllc  alloy  powder  (which 
may  be  produced  by  atomization  or  by  pulverization  of  meltspun  ribbon) 
is  mixed  with  a  powdered  Teflon  binder  (most  successful  results  were 
obtained  in  the  range  4*111)  and  Stoddard  solution  (high  grade  kerosene). 

The  mixture,  after  moat  of  che  Stoddard  solution  is  evaporated,  has 
a  dough-like  consistency.  The  dough  is  rolled  into  chin  sheets  with 
a  stainless  steel  rolling  pin.  The  balance  of  Che  Stoddard  solution 
is  evaporated  from  the  rolled  sheet,  which  is  than  trlved  to  size 
for  hot  pressing. 

The  fiber  matrix  is  prepared  by  winding  a  continuous  fiber  on 
a  drum  mounted  in  a  lathe 1 51 1,  when  the  desired  fiber  spacing  and 
mat  width  have  been  achieved,  the  lathe  is  stopped  and  the  mat  is 
coated  with  a  polymer-base  binder  such  as  polymethyl  methacralate 
(PMMA)  in  a  solvent  base.  After  evaporation  of  Che  solvent  Che  fiber 
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Fig.  6  Powder  cloth  method^2^!. 

met  la  removed  Crow  cha  drua  and  cut  to  size  in  preparation  for  hot 
preaalng.  The  dealrad  number  of  fiber  pi lea  it  obtained  by  stacking 
alternate  layers  of  powder  cloth  anc  fiber  oat.  Vacuum  hot  pressing 
is  used  for  final  consolidation;  a  dynamic  vacuum  and  liquid  nitrogen 
cooled  trap  to  retain  organics  during  binder  removal  are  necessary 
for  best  results.  As  in  injection  molding,  complete  binder  removal 
is  required  to  avoid  contamination  of  the  composite  with  carbon  or 
other  constituents  such  as  flourine  in  the  binder. 

Host  of  the  work  reported  for  the  powder  cloth  method  has  involved 
a  two  phase  TijAl+Mb  matrix  with  up  to  40vZ  SCS6  SIC  fibers.  Although 
these  compoeltes  can  be  produced  with  no  contamination  from  the  binder 
and  have  euperlor  strength/deaaity  ratios  to  wrought  and  to  single 
crystal  superalloys  from  room  temperature  to  1000°C,  several  problems 
have  been  encountered.  A  complex  multi-layered  reaction  zone,  containing 
TIC,  H3AIC  and  TljSij  forms  at  the  fiber-matrix  interface l 25 ‘ . 

This  brittle  region  may  cause  degradation  of  properties  when  the 
composites  is  operated  for  extended  periods  of  time  at  elevated  temperatures 
When  oxygen  contents  of  matrix  powders  are  high,  e.g.  O.llvl,  composite 
tensile  strengths  are  reduced  at  room  temperatures.  Also,  thermal 
cycling  of  oxygen-rich  (O.lSwZ)  composites  results  in  the  formation 
of  cracks  at  the  fiber-matrix  interface  after  three  thermal  cycles 
from  23  to  9858C.  This  is  a  consequence  of  the  high  thermal  expansion 
missiatch  and  limited  room  temperature  ductility  of  fibers  and  matrix. 

Low  oxygen  concent  (0. 052-0. 06wZ)  composites  showed  good  strength 
retention  at  23°C  after  5  to  10  thermal  cycles  between  85  and  815°C>24). 

In  summary,  cha  powder  cloth  method  can  be  successfully  used  to  produce 
a  variety  of  continuous  fiber  reinforceamnts,  including  varied  orientations 
of  the  plies,  with  little  or  no  binder  contamination.  However,  composite 
performance  is  sensitive  to  the  depth  of  any  reaction  zone  and  to 
high  residual  interstitial  contents. 


HIGH  EHKICY  HATE  FORMING 

Pulsed  power,  high  energy  kinetic  energy  storage  devices,  eg. 
rail  guns,  have  been  used  to  fabricate  monolithic  aj  and  y  titanium 
alumlnides  as  well  as  composites  containing  csramlc  or  lntsraetalllc 
particulate  reinforcements H8" .  Processing  is  generally  achieved 
by  discharge  of  a  single  high  energy  pulse  through  a  pressurized 
powder  blend.  Both  solid-state  and  liquid  phase  assisted  consolidation 
of  TI3AI  with  AIN,  TfB2  and  T1A1  reinforcements  has  been  accomplished^ 17 • 18' 
Applied  pressures  ranged  between  210  and  420MPa  and  the  specific 
energy  inputs  varied  between  3200  and  4800  kJ/kg.  The  fairly  uniform 
interface  (about  Sum  thick)  between  an  80-20  mixture  of  Nb-stabilized 
02  and  y,  respectively,  is  shown  in  Fig.  7f*7).  TIM  microanalysis 
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Fig.  7  Interface  between  33  and  y  In  kinetic 
energy  dlecharge  compact H7). 


showed  depletion  of  Nb  in  the  matrix  and  Nb  tranaport  forwards  the 
particles  of  y.  This  techrlque  has  been  used  also  to  consolidate 
T^Al+Nb/SiC  particulate  composites.  Reaction  products  in  this  case 
were  analysed  to  be  TIC  and  TlSi2t  Che  latter  associated  with  regions 
of  localized  matrix  melting  at  high  energy  Inputs.  At  lower  Inputs 
this  product  could  be  avoided. 


MICROSTRUCTURALLY  TOUGHENED  COMPOSITES l 26 1 

The  last  powder  technique  to  be  described  In  this  paper  involves 
the  mixing  of  alloy  tubing  with  a  particle-reinforced  matrix  blended 
as  powders.  Final  consolidation  is  accomplished  by  extrusion  or 
forging.  A  schematic  of  the  process  is  shown  In  Fig.  8.  The  principal 
advantage  of  this  system  is  the  potential  for  large  energy  absorption 
due  to  the  two  dimensional  crack  stopping  ability  of  the  macroscopic 
tublng(26].  There  is  also  the  potential  for  relatively  isostropic 
properties.  Finally,  the  composites  are  easily  fabrlcable  to  final 
shape.  Examples  of  composite  systems  produced  at  UTRC  by  this  method 
is  a  matrix  consisting  of  B4C  particles  in  N1A1,  reinforced  by  cubes 
of  304  stainless  steel.  The  overall  composite  density  is  equal  to 
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Fig.  8  Mlcrostructurslly  toughened  composites l 2b] 
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that  of  NiAl  alone,  ^g/cc.  The  composite  had  a  notched  bar  Impact 
energy  of  74  ft  lba  (100J)  compared  to  0.2  ft  lba  (0.27J)  for  NiAll2®). 
This  alloy  displayed  28X  elongation  at  room  temperature  and  211  at 
825°C.  This  composite  system  has  been  scaled  up  to  1.25cm  thick 
x  150cm  long  plate.  Recently,  the  technique  has  been  successfully 
extended  to  MoSi2  And  25vZ  AI2O3  particles  as  the  matrix,  reinforced 
by  50vZ  tubes  of  Nb-IZr.  The  calculated  toughness  Kt“35ksi/in  » 
32MPa/m  is  about  lOx  higher  than  that  of  MoSl2* 


MELT  PROCESSING 
Pressure  Casting 

Pressure  casting  is  one  of  the  few  techniques  that  have  been 
successfully  utiliaed  to  produce  continuous  fiber-reinforced  composites. 
T1A1,  FejAl  and  N13A1  base  composites,  reinforced  with  AI2O3  fibers, 
have  been  prepared  by  Nourbakhsh  and  co-workers l 31-34 ] t  The  process 
involves  melting  of  the  matrix  alloy  under  vacuum  in  a  crucible  placed 
above  a  preform  containing  up  to  60  vol%  fibers.  The  fibers  and 
matrix  alloy  are  heated  simultaneously  but  separately.  When  the 
desired  temperature  (100®C  above  the  matrix  melting  point)  is  reached, 
the  liquid  metal  is  poured  onto  the  fibers.  Argon  gas  is  then  admitted; 
gas  pressure  forces  the  melt,  usually  with  an  additive  to  facilitate 
wetting,  to  infiltrate  the  fibers.  A  typical  cross  section  of  a 
composite  produced  by  this  method  is  shown  in  Pig.  9  for  a  NI3AI/AI2O3 


Fig.  9  Cross  section  of  pressure  cast 

RI3AI/AI2O3  continuous  composite^*) . 

composite l 3®) .  Interfacial  reactions  are  more  likely  with  this  process 
chan  with  most  powder  processes  due  to  the  higher  temperatures  involved. 
Reactions  in  TI3AI/AI2O3  lead  to  the  formation  of  dislocations  within 
the  matrix  near  the  interface  and  penetration  of  fiber  grain  boundaries 
by  the  liquid.  However,  Nl3Al-base  alloys  (IC-50  and  IC-218)  displayed 
no  reaction  layer  1321. 

A  key  Issue  in  all  composite  consolidation  processes  is  the 
nature  of  the  bond  between  reinforcement  and  matrix.  NlyAl/A^Os 
particulate  composites  prepared  from  powder  displayed  very  poor  bonding 
and  consequently  poor  mechanltal  properties'®*®*.  The  addition  of 
small  amounts  of  T1  to  Nl-base  melts  provides  good  bonding  with  AI2O3 
fibers  such  as  PRD- 166  or  FP,  unless  substantial  amounts  of  aluminum 
are  present  in  the  melt,  as  in  the  case  of  N^Ail®®*.  Diffusion 
of  T1  into  the  fiber  is  suggested  to  be  responsible  for  good  bonding 
and  Al  apparently  inhibits  such  dif fusion! .  Additions  of  Y  also 
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have  bean  triad  with  aoae  success^22).  Therefore,  cha  problaa  of 
poor  bonding  with  interaatalllc  matrices  haa  not  baan  fully  aolvad 
avan  with  Cha  praaaura  eaatlng  technique . 


Directional  Solidification  of  Eutectic* 


Preparation  of  lntenMtalllc  aatrlx  composites  by  directional 
aolidlflcatlon  of  eutectic  alloya  had.  In  the  paat,  baan  reported 
by  aaveral  workers) 44 • 45 ) .  Thar*  la  now  renewed  Incereat  in  eutectl. 
aolidlflcatlon  to  prepare  composites  with  high  aeltlng  conacituenta 
auch  aa  M0-M05SI3)*®) ,  Nb-Nb5Sl3i^2»*®l  and  N1A1-R*)4*) . 


VAPOR  PHASE  PROCESSING 
Arc  Spray  Method 

NASA- Lewi a  Reaearch  Center  developed  the  arc-spray  nethod  for 
coaqpoait*  fabrication^®) .  The  proceaa  begin*  with  winding  of  a 
conclnuoua  fiber  on  a  drum  Mounted  in  a  lath*.  Fiber  apraylng  la 
obtained  by  movement  of  the  lath*  croeahead  relative  to  the  drua. 

The  drua  la  placed  in  the  arc-apray  chaaber,  which  la  evacuated  and 
back-filled  with  argon.  An  arc  la  atruck  between  wlrea  of  aatrlx 
Material ,  caualng  tipa  of  the  feed  wire  to  aelt.  The  a»lten  aatal 
la  atoaited  by  high  praaaura  argon  and  eprayed  on  the  drua  aurface. 

To  provide  an  even  coating,  the  drua  la  rotated  and  tranalated  during 
aervlce.  The  drua  la  than  reaoved  froa  the  arc  chaaber;  the  arc-aprayed 
aonocype  la  reawved  and  cut  to  aixe  for  aubeequent  conaolldation 
by  hoc  praaalng. 

Thia  proceaa  ellainatea  the  need  for  organic  binder*,  which 
are  aourcea  of  coataal nation,  but  the  neceaalty  to  provide  aatrlx 
Material  aa  a  wire  la  a  aerloua  llalcatlon  for  aoet  lnteraecalllca, 
which  are  typically  brittle.  Alao,  contamination  during  apraylng, 
eapecially  by  oxygen,  la  poaalble. 


Chealcal  Vapor  Pepoaitlon 

Thin  fllaa  of  eeveral  Interaetalllc  coapoundai  ttt^Al,  Nb2Al, 

MbAl3  MoSl;  aa  well  aa  two  phase  alloya  of  Nb2Al+MbAl3  and  M0SI2 
on  SIC  laminates  have  been  aade  by  chealcal  vapor  synthesis. 

M0SI2  has  been  produced  by  CVD  under  ataoapheric  and  reduced 
pressure  conditions,  with  the  following  reaction! 

MoCl5<g)+2SiCl4<g)e«.3H2(g>+»!oSl2<e>+13HClI2S'29J.  (1) 

Deposition  can  be  accomplished  In  the  range  700-1*00*C.  Similarly, 

SIC  can  be  produced  by  CVD  using  any  on*  of  several  reactions.  Including 
tha  following! 

CB3SlCl3(g)+H2<«>  -  SlC(o)+aci(g)+H2(g)  (2) 

The  deposition  range  of  1100-1400*C  Is  compatible  with  that  for  MoSio. 

Recently,  laminates  of  Mo5i2  and  SIC  have  been  produced  by  CVDI2®) 
and  are  undergoing  tests. 

Apart  from  choice  of  substrate  and  deposition  teaverature,  gas 
pressure  and  flow  rates  of  reactants  affect  deposition  rate,  microstructure 
and  density  of  the  layers. 


Fll 


nt  Coatlna 


Several  methods  sxist  to  product  fibrous  composites  by  a  series 
of  steps  dealing  with  coatings  on  fibers.  Such  coatings  may  be  applied 
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by  CVD,  plasma  apray  or  by  a  aol-gcl  proccaa.  An  exanple  of  a  sequential 
coating  and  winding  procaaa  ia  ahovn  in  Fig.  10 1  ^2 ] _  £n  thia  caaa 


Fig.  10  Sequential  coating-winding 
procaaa 1^2 1 . 

W  alloy  fibara  ara  coacad  with  aluaina  and  than  a  powdarad  tantalus 
aluainlde  alloy/bindar  aixtura.  Tha  fibara  ara  wound  on  a  aandral 
and  driadi  aonotypas  ara  than  cut  froa  tha  aandral  and  atackad  in 
a  hot  praaa  cavity.  Tha  bindar  la  burnad  out  prior  to  hot  praaaing. 


tow  Pressure  Plaaaa  Spray 

Matal  and  caraalc  aatrix  coapoaltaa,  a.g.  Ni-50Cr/NlCrAlY  and 
supers lloy/AljOj  laalnataa,  hava  baan  producad  by  a  low  praaaura 
plaaaa  apray  technique ‘ ^0 1 ,  Thla  aathod  could  aaally  ba  adaptad 
to  produca  intaraatalllc  aatrix  coapoaltaa  aa  wall.  Layarad  structures 
are  built  up  aa  diacontlnuoua  laalnataa,  by  apraylng  a  powder 
blend  of  two  or  aore  different  coapoaltlona.  Alternatively,  a  contlnuoua 
lcalnata  can  ba  producad  by  uaing  two  plaaaa  guna  travaralng  acroaa 
a  rotating  cylindrical  aandral. 


DISCUSSION 

Aa  a  conaaquence  of  high  aeltlng  point a  and  brittle  behavior 
diaplayad  by  aoat  lntarnetalllca  of  intaraat  for  high  temperature 
appllcatlona,  powder  proceaaea  have  baan  tha  aoat  widely  uaad.  Powder 
proceaalng  la  veraatlla  in  that  virtually  any  alloy-reinforced  combination 
can  ba  blended  in  the  aolld  atata  and  than  conaolidatad  at  elevated 
taaparaturaa .  Alao,  complex  ahapea  can  ba  produced  readily.  Reactive 
proceaalng  offara  tha  further  advantagee  of  utilisation  of  alaaantal 
powders,  which  ara  cheaper  and  aore  readily  available  than  prealloyed 
powders.  Low  furnace  taaparaturaa  and  vary  rapid  damnification  ara 
further  vary  significant  advantages  for  variants  of  reactive  sintering. 
Although  it  ia  possible  to  obtain  fully  danse  aouollthlc  lnteraetalllcs 
by  reactive  sintering,  tha  strengthening  of  tha  compact  and  inhibition 
of  tha  exothermic  reaction  by  the  reinforcements  usually  raqulras 
tha  application  of  pressure  during  or  subsequent  to  reactive  sintering 
to  remove  all  porosity.  To  data,  the  greatest  succasa  in  producing 
intaraatalllc  composition  by  reactive  processing  has  baan  achieved 
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with  NijAl,  NiAl  and  AI3T4  natricaa,  reinforced  with  either  particles 
or  fibers.  In  spite  of  these  successes,  certain  inherent  Imitations 
in  the  reactive  sintering  process  will  restrict  its  application  to 
relatively  few  lntermetallic  matrices. 

One  may  cite  also  the  difficulties  associated  with  HIPing  which 
often  accompanies  or  succeeds  reactive  processing:  most  notable 
are  the  need  for  ductile  canning  materials  which  do  not  react  with 
the  powders  and  the  need  to  seal  cans  carefully.  The  low  costs  associated 
with  reactive  sintering  can  quickly  be  overcome  by  the  expenses  associated 
with  welding  HIP  cans  of  expensive  and  reactive  metals,  such  as  T1 
and  Nb . 

The  XD  process  is  proprietary  and,  therefore,  it  is  difficult 
to  comment  upon  its  future  utility.  It  is  apparent  that  TIB2  is 
relatively  inert  in  many  intermetalllcs,  especially  aluainides,  and 
that  fully  dense  material  can  be  made  with  very  fine  T1B2  particle 
sizest  interfacea  are  very  clean.  However,  it  la  unclear  whether 
other  reinforcements  can  be  successfully  prepared  ln-situ.  The  principal 
limitation  to  XD  processing  is  its  restriction  to  particulate  reinforced 
composites.  For  maximum  tensile  and  creep  strengths  as  well  as  toughness, 
either  continuous  fibers  or  lamellae  are  required. 

The  latter  can  be  readily  produced  by  two  powder  processes: 
microstructurally  toughened  composites  and  the  powder  cloth  method, 
as  well  as  by  the  pressure  casting  technique.  Each  process  have 
been  applied  to  only  a  few  intermetalllca  to  date,  but  it  seems  that 
there  are  few  limits  to  the  combinations  of  fiber  and  matrix  which 
can  be  utilised  to  produce  continuous  composites.  Of  course,  the 
higher  temperatures  Inherent  in  melt  processing  of  composites  gives 
rise  to  greater  energy  costs,  higher  llkllhood  of  chemical  reaction 
and  increased  possibility  of  thermal  mismatch  strains.  While  the 
powder  cloth  and  mlcrostructurally  toughened  composite  methods  rely 
on  lower  process  temparaturss ,  reaction  zones  are  not  precluded, 
and  contamination  by  oxygen  must  be  carefully  avoided  in  the  powder 
cloth  method. 

Mechanical  alloying  has  thus  far  proven  to  be  a  relatively  unreliable 
technique  for  producing  particulate  reinforced  composites. 

Vapor  deposition  techniques  are  still  in  their  Infancy.  Although 
the  need  for  appropriate  precursors  for  matrix  and  reinforcement 
is  a  significant  limitation  for  CVD,  the  method  can  be  used  to  prepare 
both  continuous  fiber  and  lamellar  composites.  The  volume  fraction 
can  be  varied  within  wide  limits  by  control  of  deposition  rates  on 
fibers  or  as  lamellae.  The  CVD  process  is  particularly  well  suited 
to  very  high  melting  compounds  which  would  be  extremely  difficult 
to  melt.  As  in  powder  processing,  contamination  by  oxygen  may  be 
a  serious  handicap  unless  great  care  is  used  in  designing  and  using 
the  reaction  chamber.  Plasma  spray  techniques  are  not  handicapped 
by  the  need  for  chemical  precursors  as  in  CVD,  and  higher  deposition 
rates  can  be  expected.  However,  where  very  thin  lamellae  are  needed 
CVD  offers  better  process  control  and,  most  likely,  higher  purity 
as  well. 

The  kinetic  energy  storage  devices  utilized  at  the  University 
of  Texas  dramatically  illustrates  the  inherent  versatility 
of  powder  processes.  However,  the  rarity  of  such  machines  snd  the 
small  sizes  of  samplss  producsd  to  date  makes  it  difficult  to  predict 
whether  kinetic  energy  discharge  is  a  viable  technique  to  prepare 
lntermetallic  matrix  composites. 


SUMMARY  ADD  CONCLUSIONS 


Many  innovative  techniques  have  been  developed  to  produce  li.termetalllc 


42 


matrix  composites,  of  which  several  representative  ones  have  been 
sussnarized  here.  The  majority  of  processes  involve  use  of  powders, 
although  increasing  attention  is  being  directed  towards  vapor  phase 
techniques.  Most  intermetallic  composites  produced  to  date  are  reinforced 
by  particulates  or  random  fibers.  However,  several  techniques  have 
been  successfully  employed  to  produce  continuous  fiber  reinforcements. 
Injection  molding  appears  to  be  feasible  to  produce  aligned  short 
fiber  reinforced  composites.  The  major  success  of  the  various  new 
processing  techniques  has  been  improved  strength  (monotonic  and  creep). 
Ductile  phase  toughening  also  has  been  demonstrated  in  a  few  cases, 
but  much  more  work  needs  to  be  done  to  produce  strong  and  tough  composites. 
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Abstract 

This  presentation  covers  the  use  of  powder  metallurgy  for  the  formation  of  monolithic  intermetallics 
and  intermetallic  matrix  composites.  A  notable  development  has  been  the  fabrication  of  homogeneous 
high  density  compacts  from  elemental  powders  by  reactive  sintering.  A  variant  process  involving 
simultaneous  pressurization  in  a  hot  isostatic  press,  termed  reactive  hot  isostatic  pressing,  is  applicable 
to  those  compounds  that  prove  difficult  to  consolidate  by  pressureless  reactive  sintering.  This  paper 
describes  the  effects  of  various  processing  factors  on  fabrication  of  compounds  including  Ni3AI,  NiAl, 
TaAl,,  MoSi,  and  their  composites.  A  key  concern  is  with  processing  effects  on  microstructure, 
selection  of  compatible  ceramic  reinforcing  phases,  and  whisker  alignment  through  injection  molding. 


1.  Introduction 

Intermetallic  compounds  are  being  studied  as 
possible  high  temperature  oxidation-resistant 
structural  materials  for  aerospace  and  turbine 
applications.  Aluminides  are  particularly  attrac¬ 
tive,  with  a  low  density,  high  strength,  good  corro¬ 
sion  and  oxidation  resistance,  non-strategic 
elements  and  relatively  low  cost.  In  some  cases 
these  intermetallics  exhibit  improved  strength 
with  increasing  temperature  [lj.  Coupled  with 
relatively  high  melting  temperatures,  these  attrib¬ 
utes  make  for  interesting  high  temperature  mate¬ 
rials.  Most  importantly,  recent  research  has 
demonstrated  improved  ductility  in  some  inter¬ 
metallic  systems  [2-4].  Thus  fabricability  and 
reliability  have  been  improved,  leading  to  new 
interest  in  the  use  of  these  compounds  as 
matrices  for  composites. 

Sintering  is  ideal  for  the  fabrication  of  com¬ 
plex-shaped  high  performance  intermetallic 
alloys.  This  research  considers  reactive  sintering 
and  reactive  hot  isostatic  compaction  as  fabrica¬ 
tion  routes  for  the  production  of  aluminide  com¬ 
pounds  and  composites  from  mixed  elemental 
powders.  In  this  paper,  the  basic  principles  of 
reactive  sintering  will  be  reviewed  and  applica¬ 
tions  to  aluminides  detailed,  including  a  presenta¬ 
tion  of  mechanical  properties  and  processing 


variants.  In  addition,  other  powder  techniques  to 
produce  similar  composites  will  be  discussed. 

2.  Overview  of  reactive  processing 

Our  research  has  emphasized  reactive  sinter¬ 
ing  for  forming  several  aluminides.  In  general, 
reactive  sintering  involves  the  formation  of  a 
transient  liquid  phase  [5, 6].  The  initial  compact  is 
composed  of  mixed  powders  which  are  heated  to 
a  temperature  where  they  react  to  form  a  com¬ 
pound  product  Often  the  reaction  occurs  on  the 
formation  of  a  first  liquid,  typically  a  eutectic 
liquid  at  the  interface  between  contacting  par¬ 
ticles.  Figure  1  shows  a  schematic  binary  phase 
diagram  for  a  reactive  sintering  system,  where  a 
stoichiometric  mixture  of  A  and  B  powders  is 

A»B  -*  A8«toat  Imixod  powder) 


Fig.  1.  Schematic  binary  phase  diagram. 
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TABLE  1 

Comparison  of  thermodynamic  data  for  reactively  sintered 
intermetaliics 


Inter- 

metallic 

298  K 
(kcal  mol  ~ 1 ) 

Solubility 

XinAl 

(vol.%) 

Solubility 

AlinX 

(vol.%) 

Liquid 

(vol.%) 

Al,Ta 

-22.7 

1.3 

11 

73 

NiAl 

-28.3 

17 

20 

60 

NijAl 

-36.6 

17 

20 

37 

NbAlj 

-28.1 

50 

50 

74 

TiAl 

-19.3 

3 

23 
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used  to  form  an  intermediate  compound  product 
AB.  At  the  lowest  eutectic  temperature  a  tran¬ 
sient  liquid  forms  and  spreads  through  the  com¬ 
pact  during  heating.  Heat  is  liberated  because  of 
the  thermodynamic  stability  of  the  high  melting 
temperature  compound.  Consequently,  reactive 
sintering  is  nearly  spontaneous,  once  the  liquid 
forms.  By  appropriate  selection  of  temperature, 
particle  size,  green  density  and  composition,  the 
liquid  becomes  self-propagating  through  the 
compact  and  persists  for  only  a  few  seconds.  Like 
other  transient  liquid  phase  sintering  treatments, 
the  liquid  provides  a  capillary  force  on  the  struc¬ 
ture  which  leads  to  densification  [6].  However,  if 
the  solubilities  are  unbalanced,  swelling  can  occur 
owing  to  the  formation  of  Kirkendall  porosity. 
Table  1  summarizes  thermodynamic  data  and 
solubility  limits  for  several  components  prepared 
by  this  method  [7]. 

During  slow  heating,  solid  state  interdiffusion 
can  generate  intermetallic  phases  at  the  inter¬ 
faces,  e.g.  during  the  sintering  of  TiAl.  Such  com¬ 
pounds  inhibit  the  subsequent  reaction  when  the 
liquid  forms;  thus  reactive  sintering  is  sensitive  to 
processing  parameters  such  as  heating  rates, 
interfacial  quality,  green  density  and  particle  size. 
Because  of  the  tapid  spreading  and  reaction  of 
the  liquid,  pore  formation  at  prior  particle  sites 
is  common,  especially  in  systems  with  large 
aluminum  particle  sizes  and  large  exotherms. 
Furthermore,  dimensional  control  proves  difficult 
if  an  excess  of  liquid  is  formed.  Because  of  such 
problems,  the  applications  of  reactive  sintering 
have  been  limited.  However,  as  demonstrated 
here,  the  process  is  well  suited  to  forming  dense 
intermetallic  compound  structures. 

Reactive  sintering  has  been  applied  in  various 
forms  to  produce  NiAl,  Ni3Al,  TaAl3,  NbAJ3  and 
TiAl.  In  one  variant,  compound  formation  and 
densification  are  achieved  in  separate  steps  by 
mixing  elemental  powders,  reacting,  pulverization 


wt.%  Ni 


(grinding),  compaction  and  subsequent  sintering. 
Variations  on  this  basic  scheme  involved  hot 
pressing  and  pressure-assisted  sintering.  Stoichi¬ 
ometry  control  is  important  and  is  often  achieved 
using  an  excess  of  the  more  volatile  ingredient  or 
intermediate  chemical  leaching  to  remove 
unreacted  constituents.  The  current  reactive 
sintering  approach  circumvents  these  problems 
by  using  commercial  elemental  powders,  low 
processing  temperatures,  short  process  cycles 
with  a  classic  press  and  sinter  technology.  Small 
particle  sizes  generally  proved  most  useful  (8, 9]. 

3.  Reactive  consolidation  of  specific  alloys 

3.1.  Ni3Al 

Figure  2  shows  the  Al-Ni  binary  phase  dia¬ 
gram  [10].  The  Al-Ni  system  is  characterized  by 
five  intermetallic  compounds,  of  which  two  have 
been  the  focus  of  research:  Ni3Al  and  NiAl. 

For  Ni3Al,  reactive  sintering  near  the  lowest 
eutectic  temperature  (640  °C)  is  most  appro¬ 
priate.  Nickel  and  aluminum  powders  are  ran¬ 
domly  mixed  in  a  stoichiometric  ratio.  The 
powder  particles  should  be  small  to  aid  inter¬ 
mixing;  they  are  compressed  to  create  good 
particle-particle  contact  [8].  During  heating  to 
the  first  eutectic  temperature  (640  *C),  solid  state 
interdiffusion  generates  intermetallic  phases  and 
some  self-heating.  At  the  first  eutectic  tempera¬ 
ture,  liquid  forms  and  rapidly  spreads  throughout 
the  structure.  The  liquid  consumes  the  elemental 
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Fig.  3.  Microstructure  of  reactively  sintered  NijAI. 


powders  and  forms  a  precipitated  Ni3Al  solid 
behind  the  advancing  liquid  interface.  Interdiffu¬ 
sion  of  aluminum  and  nickel  is  very  rapid  in  the 
liquid  phase  and  the  formation  of  the  compound 
generates  heat  which  further  accelerates  the  reac¬ 
tion.  If  the  reaction  is  controlled,  then  the  com¬ 
pound  will  be  nearly  dense  and  suitable  for 
containerless  hot  isostatic  pressing  (HIP)  to  full 
density  [8]. 

Samples  of  nearly  stoichiometric  composition 
(86.7  wt.%  Ni)  were  sintered  in  vacuum  for  600  s 
at  750  °C  using  a  heating  rate  of  30  K  min"  ‘.  The 
microstructure  shows  a  small  amount  of  porosity 
and  two  distinct  phases;  the  grain  size  is  approxi¬ 
mately  30  nm  (Fig.  3).  The  reactively  sintered 
material  was  annealed  at  1350  °C  for  1  h  to 
homogenize  it;  the  result  was  a  single  phase. 
Microprobe  line  scans  confirmed  that  the  compo¬ 
sition  was  uniform  throughout  the  sample.  Trans¬ 
mission  electron  microscopy  substantiated  that 
the  product  was  ordered  Ni3Al. 

Differential  thermal  analysis  and  dilatometry 
were  used  to  understand  the  character  of  the 
reactive  sintering  process.  In  the  unreacted 
powder  a  large  exotherm  was  evident  at  approxi¬ 
mately  600  °C,  demonstrating  the  onset  of  reac¬ 
tive  sintering.  In  the  reacted  sample,  no  further 
exotherm  and  only  an  endotherm  was  evident 
when  the  sample  melted,  indicating  total  con¬ 
sumption  of  the  ingredients  in  the  reactive  sinter¬ 
ing  process.  The  first  eutectic  temperature  in  the 
Al-Ni  system  is  at  640  "C  (Fig.  2)  and  aluminum 
melts  at  660  °C;  thus  the  exotherm  occurs  prior 
to  liquid  formation  and  the  compact  undergoes 
self-heating,  leading  to  rapid  liquid  formation. 
Dilatometry  results  correlated  with  the  differen¬ 
tial  thermal  analysis,  indicating  that  the  reaction 
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Fig.  4.  Effect  of  particle  size  on  densification  of  Ni3Al  (5J. 


begins  below  approximately  600  “C.  Further¬ 
more,  under  optimum  conditions  the  duration  of 
the  reaction  appears  to  be  approximately  2  s  [5]. 

In  view  of  the  self-heating  during  reaction, 
experiments  were  performed  to  determine  the 
maximum  temperature  needed  for  densification 
with  the  30  K  min" 1  heating  rate  to  various  maxi¬ 
mum  temperatures  and  a  subsequent  900  s  hold 
time  using  two  aluminum  particles  sizes:  3  and  30 
H m  (Fig.  4)  [5].  Temperatures  below  550  °C 
resulted  in  higher  porosities,  most  probably 
because  no  liquid  was  formed.  At  temperatures  in 
the  550-600  DC  range,  good  densification  was 
obtained.  With  higher  temperatures  there  was  a 
gradual  increase  in  swelling.  Thus  the  optimum 
reaction  temperature  is  relatively  low.  It  should 
be  noted  that  generally  the  3  fim  aluminum 
powder  provided  less  densification  than  the 
30  n  m  powder. 

Another  important  variable  was  sintering 
atmosphere.  Vacuum  provided  a  much  higher 
density  than  did  hydrogen  or  argon  at  a  30  K 
min"1  heating  rate. 

Composites  of  Ni3Al  with  chopped  Dupont  FP 
A1203  fibers  (20  pm  in  diameter)  or  particles  of 
Y203  or  A1203  have  been  prepared  by  the 
methods  outlined  above.  In  general,  poor  wetting 
of  fibers  led  to  low  tensile  strengths  and  ductil¬ 
ities  of  the  compacts  [11].  Therefore  this  line  of 
research  was  terminated. 

3.2.  NiAl 

The  exothermic  reaction  between  nickel  and 
aluminum  at  the  stoichiometric  NiAl  composition 
is  so  vigorous  (see  Table  1)  that  melting  and  loss 
of  specimen  shape  commonly  occur  during  reac¬ 
tive  sintering.  As  a  consequence  it  is  usually 
necessary  to  mix  10-25%  of  pre-alloyed  NiAl 
powders  with  the  elemental  powders  to  dampen 
the  reaction.  The  optimum  amount  of  pre-alloyed 
powder  depends  on  the  particle  size  distribution 
of  the  pre-alloyed  powder  [9].  Alternatively,  an 
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inert  phase  such  as  TiB;  or  Al203  (as  particles  or 
fibers)  can  be  used  for  the  same  purpose. 

The  optimum  method  to  consolidate  NiAl 
matrix  composites  appears  to  be  by  reactive  hot 
isostatic  pressing  (RHiP),  employing  the  cycle 
shown  in  Fig.  5.  The  RHIP  temperature  of 
1200  °C  is  much  higher  than  that  used  for  Ni3Al, 
although  it  is  possible  to  consolidate  (inhomo- 
geneously)  NiAl  at  lower  temperatures.  A  typical 
microstructure  of  RHIP  NiAl  is  shown  in  Fie 
6(a). 


Fig.  6.  Microstructure  of  alloys  obtained  by  RHIP;  (a)  NiAl- 
(b)  NiAl-20vol.%TiB:. 


The  RHIP  process  also  has  been  successfully 
employed  to  produce  NiAl  reinforced  with  10 
and  20  vol.%  TiB,  (Fig.  6(b)).  The  tensile  prop¬ 
erties  of  RHIP  NiAl  and  NiAl-TiB2  alloys  ar 
shown  in  Fig.  7  [9],  It  should  be  noted  that  appr 
ciable  strengthening  occurs  even  though  the  TiB, 
particles  are  relatively  coarse.  This  is  a  conse¬ 
quence  of  two  factors:  a  refinement  of  grain  size 
due  to  the  TiB:  and  incorporation  of  surface 
oxides  from  the  powders  in  the  compact.  Strength¬ 
ening  is  also  greater  than  would  be  predicted 
from  the  rule  of  mixtures,  using  the  data  for  TiB: 
of  Mandorf  et  al.  [12]. 

3.3.  Al3Ta 

Attempts  to  density  Al3Ta  by  pressureless 
reactive  sintering  have  been  unsuccessful  [13]. 
Samples  swelled  rather  than  densifying  at  all 
sintering  temperatures  and  at  several  aluminum 
contents.  The  degree  of  swelling  increased  with 
increased  finishing  temperature,  increased  par¬ 
ticle  size,  decreased  degassing  temperature  and 
decreased  heating  rate.  The  particle  size  ratio  had 
less  of  an  effect  than  did  the  average  size  of  the 
particle;  thus  an  aluminum-to-tantalum  powder 
size  ratio  of  3  to  1  did  not  minimize  swelling  as 
predicted  by  Kusy  [14].  Generally,  the  sintered 
density  increased  as  the  green  density  increased. 


r»»  *««  in  mi 
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Fig.  7.  Effect  of  temperature  on  the  tensile  properties  of 
NiAl  and  NiAI-20vol.%TiB2.  All  tests  were  performed  in  air 
except  that  for  900  *C  which  was  performed  in  vacuum. 
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The  failure  of  the  reactive  sintering  (RS)  tech¬ 
nique  for  Al,Ta  led  to  a  series  of  experiments 
on  RHIP.  For  all  experiments  10  jxm  tantalum 
and  aluminum  powders  were  mixed,  cold  pressed 
to  high  green  densities  and  outgassed  for  at  least 
10  h  at  500  °C,  and  a  35  °C  min'1  heating  rate 
to  the  hold  temperature  was  maintained. 

HIP  at  1200  °C  proved  successful  in  providing 
fully  dense  homogeneous  samples  at  23  at.%  Al, 
as  shown  in  Fig.  8(a).  Lower  HIP  temperatures 
left  some  unreacted  tantalum.  At  24  and  25  at.% 
Al,  some  second  phase  (Al2Ta)  was  observed, 
even  after  RHIP  at  1 200  °C,  in  agreement  with  a 
recent  phase  diagram  for  this  system  [1 5].  A  small 
quantity  of  oxide,  1  vol.%,  was  observed  at  prior 
particle  boundaries,  indicating  that  outgassing 
was  not  complete.  Anton  [16]  has  suggested  that 
outgassing  is  effective  only  when  the  material  is 
vibrated  to  allow  escape  of  the  gases. 

Samples  with  8  at.%  Fe  were  also  fabricated  by 
RHIP.  Fully  dense  samples  containing  two  phases 


Fig.  8.  Microstructures  of  Al,Ta  alloys  obtained  by  RHIP: 
(a)  Al7jTaJ7;  (b)  Alft7Fei,Ta2s- 


were  obtained  after  a  1200  °C  cycle  (see  Fig. 
8(b)).  The  matrix  is  Al3Ta  with  a  ternary  distrib¬ 
uted  phase. 

Additions  of  reinforcing  phases  (TiB;  powders 
on  AI203  fibers)  dramatically  increased  process¬ 
ing  problems  [13],  Particulates  agglomerated  even 
when  methanol  was  used  as  a  dispersant.  Samples 
tested  to  fracture  after  cold  isostatic  pressing 
(CIP)  had  lower  green  densities  than  monolithic 
samples  cold  isostatically  pressed  to  the  same 
pressure.  This  problem  was  less  severe  with  TiB: 
particles  than  with  fibers;  problems  with  CIP 
mixtures  containing  fibers  also  have  been  noted 
in  Al3Ti-base  alloys.  This  problem  can  be 
avoided  by  using  an  organic  binder  to  mix 
powders  and  fibers.  The  porosity  of  hoi  isostati¬ 
cally  pressed  material  (1200  °C;  172  MPa) 
increased  with  increasing  percentage  reinfoi  ce¬ 
ment.  The  tantalum-rich  phase  Al;Ta  was 
observed  in  samples  with  FP  A1203  fibers;  only 
very  small  amounts  of  Al2Ta  were  found  in  com¬ 
pacts  containing  TiB2  or  Saffil  fibers.  The  latter 
appeared  to  agglomerate  at  prior  particle  bound¬ 
aries  but  were  distributed  better  than  the  FP 
fibers.  Both  types  of  A1203  fiber  fractured  during 
processing  at  pressures  of  172  MPa;  lower  pres¬ 
sures  lessened  this  problem.  Also,  Saffil  fibers 
exhibited  roughening,  suggesting  that  the  fibers 
were  deforming  at  1200  °C 

3.4.  MoSi 2 

Attempts  to  process  MoSi2  reactively  from 
elemental  powders  in  our  laboratory  have  not 
been  successful.  Extensive  porosity  was  noted 
after  attempts  to  use  RHIP  at  1600  °C  and  83 
MPa  in  a  glass  container.  Therefore  only  com¬ 
posites  made  by  injection  molding  of  pre-alloyed 
powders  have  been  produced,  as  described  in  the 
following  section. 

It  should  be  noted  that  reactive  sintering  of 
MoSi2-based  composites  has  been  accomplished 
by  Smelser  and  coworkers  [17].  SiC  reinforce¬ 
ments  (up  to  20  vol.%)  were  sintered  in  various 
mixtures  of  molybdenum,  silicon,  chromium, 
titanium  and  CrSi2.  The  reactants  (other  than 
molybdenum  and  silicon)  greatly  enhanced  densi- 
fication  at  temperatures  as  low  as  1400  °C. 

4.  Injection  molding 

Reactive  consolidation  also  may  be  applied  to 
injection  molding,  a  process  increasingly  being 
used  for  the  powder  processing  of  both  mono- 
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Fig.  9.  Schematic  diagram  of  the  injection-molding  process. 


lithic  and  composite  alloys  [18].  In  injection 
molding,  a  mixture  of  powders,  short  fibers  and  a 
binder  is  extruded  through  a  tapered  die  to 
achieve  fiber  alignment  (Fig.  9)  [8].  Extrusion 
must  be  performed  above  the  softening  tempera¬ 
ture  of  the  binder.  After  extrusion  the  binder  is 
removed  (thermally  or  by  wicking  action)  and  the 
compact  is  consolidated  to  approximately  full 
density  by  HIP.  Apart  from  the  alignment  of 
fibers,  which  is  achieved  only  when  particles  and 
fibers  are  very  small  in  diameter  (10  n m),  this 
process  offers  the  possibility  of  producing  com¬ 
plex  powder  metallurgy  (P/M)  parts.  However, 
the  principal  disadvantages  are  the  difficulty  of 
complete  binder  removal  and  the  inability  to 
produce  continuous-fiber-reinforced  composites. 
Nevertheless,  fully  dense  Al203-reinforced  com¬ 
posites  of  NiAl  have  been  produced  successfully 
by  this  method,  as  shown  in  Fig.  10(a)  for 
NiAl-Al203  and  in  Fig.  10(b)  for  MoSi2-Al203. 
The  latter  composite  was  made  from  prealloyed 
powders.  There  was  some  evidence  that  the 
A1203  fibers  inhibited  crack  propagation  in  the 
NiAl  matrix  (Fig.  11). 

Attempts  to  injection  mold  10  pm  aluminum 
and  tantalum  powders  and  10  vol.%  FP  fibers 
resulted  in  some  alignment  near  specimen  cen¬ 
ters,  but  not  at  the  edges.  Smaller  powders  did 
not  lead  to  improved  alignment.  RHIP  consoli- 


Fig.  10.  Microstructures  of  injection-molded  composites:  (a 
NiAl- 1 5vol.%Al203;  (b)  MoSi2-20voI.%Al,O3. 


80  pm 


Fig.  11.  Crack  deflection  by  fibers  in  NiAl-AI203. 

dated  the  composite  with  some  porosity,  possibly 
owing  to  a  low  green  density.  However,  this 
experiment  showed  that  the  binder  did  not  con¬ 
taminate  the  exothermic  reaction. 
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5.  Other  powder-processing  techniques 

5.1.  XD™  processing 

The  XD™  process  developed  by  Martin 
Marietta  has  generally  been  utilized  to  produce 
multiphase  alloy  powders  which  are  subsequently 
hot  pressed  to  full  density  at  temperatures  of  the 
order  of  1450  °C  in  graphite  dies  [19-22].  The 
process  can  incorporate  both  hard  (strengthen¬ 
ing)  and  soft  (toughening)  phases  of  various  sizes. 
Morphologies  ranging  from  whiskers  to  platelets 
can  be  obtained  by  appropriate  process  control. 
The  XD  process  also  is  compatible  with  casting 
and  fabrication  techniques;  investment  casting, 
forgings,  extrusions  and  rolled  sheets  have  been 
produced.  The  most  common  reinforcement  has 
been  TiB;,  which  has  been  incorporated  as  par¬ 
ticles  1  pm  in  diameter  into  TiAl,  TiAl  +  Ti3Al, 
NiAl,  NiAl-Ni2AlTi  and  CoAl  matrices  in  the 
form  of  a  weakly  bonded  compact.  However, 
other  ceramic  reinforcements  (carbides,  nitrides 
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Fig.  1 2.  Flow  stress  of  Nr- At  alloys  near  1 300  K  [24)_ 


and  silicides)  have  been  incorporated  into 
Nb-Ti-Al  matrices  [23].  After  synthesis  the 
samples  are  usually  broken  up,  milled  and  then 
consolidated  by  hot  pressing  or  HIP  [24],  Typical 
mechanical  properties  of  hot-pressed  NiAl-TiB, 
compacts  are  shown  in  Fig.  12  and  compared 
with  properties  of  other  Ni-Al  alloys  [24], 

5. 2.  Po  wder  cloth  process 

The  powder  cloth  method  was  the  first 
reported  to  fabricate  intermetallic  matrix  com¬ 
posites.  The  techniques  have  been  described  and 
some  mechanical  property  data  provided  for 
continuous  fiber  (Ti,Al  +  Nb)-SiC  by  Brindley 
[25]  and  for  (Fe-40at.%\l)-W  and  NiAl-W 
composites  by  Brindley  c.  j  darlotta  [26J. 

In  this  method  (Fig.  13)  the  intermetallic  alloy 
powder  (which  may  be  produced  by  atomization 
or  by  pulverization  of  melt-spun  ribbon)  is  mixed 
with  a  powdered  Teflon  binder  (the  most  success¬ 
ful  results  were  obtained  in  the  range  4-11  vol.%) 
and  Stoddard  solution  (high  grade  kerosene).  The 
mixture,  after  most  of  the  Stoddard  solution  has 
been  evaporated,  has  a  dough-like  consistency. 
The  dough  is  rolled  into  thin  sheets  with  a  stain¬ 
less  steel  rolling  pin.  The  balance  of  the  Stoddard 
solution  is  evaporated  from  the  rolled  sheet, 
which  is  then  trimmed  to  size  for  hot  pressing. 

The  fiber  matrix  is  prepared  by  winding  a  con¬ 
tinuous  fiber  on  a  drum  mounted  in  a  lathe.  When 
the  desired  fiber  spacing  and  mat  width  have 
been  achieved,  the  lathe  is  stopped  and  the  mat  is 
coated  with  a  polymer-base  binder  such  as  poly- 
methylmethacralate  in  a  solvent  base.  After 
evaporation  of  the  solvent  the  fiber  mat  is 
removed  from  the  drum  and  cut  to  size  ir  nrep- 


Fig.  13.  Schematic  diagram  of  the  powder  cloth  method  (26). 
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aration  for  hot  pressing.  The  desired  number  of 
fiber  plies  is  obtained  by  stacking  alternate  layers 
of  powder  cloth  and  fiber  mat.  Vacuum  hot  press¬ 
ing  is  used  for  final  consolidation;  a  dynamic 
vacuum  and  liquid-nitrogen-cooled  trap  to  retain 
organics  during  binder  removal  are  necessary  for 
best  results.  As  in  injection  molding,  complete 
binder  removal  is  required  to  avoid  contamina¬ 
tion  of  the  composite  with  carbon  or  other  con¬ 
stituents  such  as  fluorine  in  the  binder. 

Most  of  the  work  reported  for  the  powder 
cloth  method  has  involved  a  two-phase 
Ti3Al  +  Nb  matrix  with  up  to  40  vol.%  SCS6  SiC 
fibers,  as  shown  in  Fig.  14  [26j.  Although  these 
composites  can  be  produced  with  no  contamina¬ 
tion  from  the  binder  and  have  superior  strength- 
to-density  ratios  to  wrought  and  to  single-crystal 
superalloys  from  room  temperature  to  1000 °C, 
several  problems  have  been  encountered.  A  com¬ 
plex  multilayered  reaction  zone,  containing  TiC, 
Ti3AlC  and  Ti5Si3  forms  at  the  fiber-matrix 
interface  [21).  This  brittle  region  may  cause 
degradation  of  properties  when  the  composites 
are  operated  for  extended  periods  of  time  at 
elevated  temperatures.  When  oxygen  contents  of 
matrix  powders  are  high,  e.g.  0.11  wt.%,  com¬ 
posite  tensile  strengths  are  reduced  at  room 
temperatures.  Also,  thermal  cycling  of  oxygen- 
rich  (0.15  wt.%)  composites  results  in  the  forma¬ 
tion  of  cracks  at  the  fiber-matrix  interface  after 
three  thermal  cycles  from  23  to  985  °C.  This  is  a 
consequence  of  the  high  thermal  expansion  mis¬ 
match  and  limited  room  temperature  ductility  of 
fibers  and  matrix. 

5.3.  Mechanical  alloying 

Mechanical  alloying  is  a  powder  process 
involving  high  energy  milling  of  (dry)  powders  of 
a  generally  ductile  matrix  with  ceramic  particles. 
Although  mechanically  alloyed  nickel  and  alumi¬ 
num  alloys  have  been  widely  studied  and  com¬ 
mercially  applied,  relatively  little  work  has  been 
done  on  the  mechanical  alloying  of  intermetallics. 

Early  attempts  at  mechanical  alloying  suffered 
from  an  excess  in  size  and  quantity  of  oxide 
particles  relative  to  that  need  for  dispersion 
strengthening.  With  better  process  control 
Strothers  and  Vedula  [28]  were  able  to  alloy  FeAl 
mechanically  with  Y203,  resulting  in  a  good 
combination  of  strength  and  ductility  at  room 
temperature.  More  recently  still,  Benn  et  al.  [29] 
have  consolidated  several  intermetallics  based 
upon  the  Ni3Al,  NiAl  or  Ni3A!  +  NiAl  matrices. 


The  use  of  elemental  powders  in  the  initial  charge 
led  to  the  production  of  very  fine  mechanically 
alloyed  powders  which  were  canned  and 
extruded  at  1150  °C  in  preparation  for  mechan¬ 
ical  testing. 

5.4.  Reaction  milling 

Reaction  milling  has  been  described  as  a 
hybrid  process  combining  both  mechanical  alloy¬ 
ing  and  chemical  reactions  [24],  A  composite  of 
NiAl  with  very  small  AIN  particles  was  inadver¬ 
tently  produced  by  Luton  et  al.  [30]  when  they 
attempted  to  mill  NiAl  with  Y203  in  liquid 
nitrogen.  Compressive  tests  at  1300  K  showed 
that  the  NiAl- AIN  composite  is  at  least  twice  as 
strong  as  NiAl-10vol.%TiB2  over  a  strain  rate 
range  from  10~7  to  2x  10"J  s'1  (Fig.  12)  [24]. 
Whittenberger  [24]  also  has  reported  that  small- 
diameter  AIN  particles  are  twice  as  effective  as 
TiB2  particles  in  strengthening  NiAl  between 
1200  and  1400  K.  The  AIN  particles,  which 
surround  the  NiAl  grains,  form  as  a  result  of  a 
chemical  reaction  between  aluminum  and 
nitrogen  which  is  incorporated  into  the  matrix 
during  cryomilling. 

6.  Processes  involving  ductile  reinforcements 

The  processes  described  above  have  almost 
exclusively  been  applied  to  composites  strength¬ 
ened  by  brittle  ceramic  particles  or  fibers  (with 
the  exception  of  high  energy  rate  forming).  How¬ 
ever,  several  techniques  have  been  utilized  to 
incorporate  ductile  particles,  fibers  or  tubes  into  a 
brittle  matrix  so  as  to  improve  toughness.  A  few 
examples  follow. 


Fig.  14.  Mierosmictureof(Ti,Al  +  Nb)-SiC  composite  (26). 
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Fig.  15.  Charpy  impact  curve  for  microstructurally  tough' 
ened  ( MoSi:- AI,Oj-(  Nb-Zr)  composites  [31], 


6. 1.  Microstructural  toughening 

A  combination  of  ductile  phase  toughening 
and  hard  panicle  strengthening  has  been 
reported  by  Nardone  and  coworkers  [31,  32]. 
Thin-walled  tubes  of  ductile  metals  have  been 
mixed  with  powders  and  a  binder  to  produce 
multiphase  alloys  capable  of  stopping  cracks  in 
more  than  one  direction.  Composites  of  (NiAl  + 
B4C)-type  304  stainless  steel  tubes  and  (MoSi2- 
Al:0,)-(Nb-lwt.%Zr)  tubes  have  been  produced 
with  substantial  increase  in  toughness  relative  to 
the  monolithic  matrices,  as  shown  in  the  Charpy 
curve  for  the  latter  (Fig.  15)[31], 

6.2.  Vacuum  hot  pressing 

Hot  pressing  of  elemental  powders  (reactive 
hot  pressing  or,  more  commonly,  of  pre-alloyed 
powders),  has  been  widely  utilized  to  prepare 
intermetaliic  matrix  composites.  Anton  [33]  has 
reported  the  processing  and  properties  of 
AI3Ta-Al203  composites  prepared  from  ele¬ 
mental  powders,  while  others  have  utilized  hot 
pressing  to  prepare  ductile  phase-toughened 
alloys  such  as  Nb5Si3-Nb  [34],  TiAl- 
Ti-33at.%Nb  [35]  and  MoSi2-Nb  [36].  Hot 
pressing  and  HIP  are  well  suited  to  the  prep¬ 
aration  of  composites  from  pre-alloyed  powders, 
as  shown  in  Fig.  16  [37], 

7.  Discussion 

Certain  advantages  and  disadvantages  are 
inherent  in  powder  processing.  The  most  notable 
advantage  is  the  much  lower  furnace  tempera¬ 
tures  than  required  for  melting  (even  though 
exothermic  reactions  may  drive  the  compact 
temperature  to  well  above  the  melting  point).  In 
addition,  powder  processing  is  flexible,  in  that  a 


Fig.  16.  Microstructure  of  TaTiAl.-Al.O,  composite  pro¬ 
duced  by  HIP  pre-alloyed  powders  at  1 200  °C  [37], 


range  of  sizes  and  shapes  can  be  produced  either 
from  elemental  powders,  which  are  cheap,  or 
from  pre-alloyed  powders,  which  are  not.  Also, 
the  powder  process  provides  finer-grained,  more 
homogeneous  material  than  can  be  achieved  in 
most  melting  operations.  An  added  advantage, 
especially  with  anisotropic  alloys,  is  the  ability  to 
cool  compacts  with  little  or  no  cracking  com¬ 
pared  with  that  seen  in  arc-melted  buttons. 

These  advantages  are  somewhat  counter¬ 
balanced  by  the  increased  likelihood  of  incor¬ 
porating  impurities,  especially  oxygen,  that  can  be 
very  detrimental  to  mechanical  behavior.  Pbrosity 
can  be  a  problem  but  is  usually  easily  overcome 
by  HIP.  With  respect  to  grain  size,  the  fine  grain 
size  inherent  with  powder  processing  is  advan¬ 
tageous  for  low  temperature  strength  and  tough¬ 
ness  but  is  undesirable  for  good  high  temperature 
creep  resistance.  Nevertheless,  the  inherent 
versatility  of  powder  processes  has  led  to  the 
many  innovative  techniques  that  have  been 
applied  to  or  developed  for  intermetaliic  matrix 
composites.  We  shall  now  consider  specific 
aspects  of  the  various  processes  described  earlier. 

The  key  to  successful  reactive  consolidation  is 
the  use  of  fine  powders,  the  existence  of  a  finite 
controllable  exotherm  and  the  lack  of  formation 
of  intervening  compounds  (as  in  the  Al-Ti  sys¬ 
tem  cited  above).  When  full  density  is  not 
achieved  by  RS,  subsequent  consolidation  by  HIP 
can  be  employed,  although  in  these  cases  a  single- 
stage  RHIP  operation  is  more  efficient. 

The  significant  role  of  the  sintering  atmo¬ 
sphere  in  determining  the  density  of  aluminides 
during  reactive  sintering  is  explained  by  heat 
conduction  and  entrapped  gas  effects  [5].  Heat  is 
carried  away  from  the  compact  during  reaction 
by  the  higher  thermal  conductivity  of  a  gas  vs. 
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vacuum.  Furthermore,  because  of  the  speed  of  the 
reaction,  there  is  not  time  for  adsorbed  vapors 
and  the  atmosphere  captured  in  the  pores  to 
escape.  Hydrogen  has  a  higher  solubility  in  Ni3Al 
than  argon  has.  Thus  with  hydrogen  trapped  in 
the  pores  there  is  some  opportunity  for  gas 
escape  even  after  the  pores  have  sealed  during 
densification.  Hydrogen  was  found  to  be  better 
than  argon  with  two  heating  rates;  however, 
vacuum  is  the  best  environment,  especially  for 
TiAl  [38],  NbAlj  [39]  and  TaAl3  [13j. 

Heating  rate  effects  on  transient  liquid  phase 
sintering  have  been  explained  based  on  solid 
state  interdiffusion  prior  to  liquid  formation  [5], 
With  a  slow  heating  rate  there  is  more  solid  state 
reaction,  resulting  in  less  liquid.  Indeed,  the 
intermetallic  products  formed  by  solid  state 
interdiffusion  may  actually  inhibit  liquid  forma¬ 
tion  at  the  reaction  temperature.  Typically,  higher 
heating  rates  are  beneficial  when  sintering 
involves  a  transient  liquid.  However,  too  rapid  a 
heating  rate  gives  a  loss  of  process  control  and 
with  massive  samples  proves  difficult  to  sustain 
with  any  uniformity.  Also,  as  the  heating  rate 
increases,  the  reactivity  of  the  liquid  increases, 
thereby  decreasing  process  control.  Therefore 
intermediate  heating  rates  prove  most  successful. 

It  is  interesting  to  compare  mechanical  prop¬ 
erties  of  intermetallic  alloys  prepared  by  other 
powder-processing  methods  with  the  results 
obtained  by  reactive  sintering  and  its  variants. 


Particulate-reinforced  composites  of  NiAl 
have  been  prepared  by  Jha  and  Ray  [40]  and  by 
Seybolt  [41].  Tensile  properties,  where  available, 
are  compared  in  Table  2.  It  should  be  noted  that 
the  strengths  achieved  with  20  vol.%  TiB;  par¬ 
ticles  in  our  work  are  comparable  with  the  5 
vol.%  ThO:  alloy  used  by  Seybolt  and  higher  than 
the  2.7  vol.%  TiB;  material  used  by  Jha  and  Ray. 
Such  sketchy  data  seem  to  indicate  that  reactive 
synthesis  is  capable  of  developing  properties 
comparable  with  those  achieved  by  other 
methods.  Comparison  of  the  compressive 
strength  of  NiAl  containing  20  vol.%  TiB;  by  XD 
[24]  and  by  reactive  synthesis  leads  to  a  similar 
conclusion.  It  should  be  remembered  that  the 
various  processing  techniques  lead  to  different 
grain  sizes  and  impurity  contents,  which  will 
produce  effects  beyond  those  of  particle  size, 
shape  and  volume  fraction. 

8.  Summary 

Several  powder  consolidation  methods  have 
been  described,  with  emphasis  on  reactive  pro¬ 
cessing.  Densification  during  reactive  consolida¬ 
tion  has  been  applied  successfully  to  several 
aluminides  and  has  the  potential  to  be  used  for 
other  intermetallic  systems.  Full  density  often  is 
achieved  only  when  HIP  is  employed  subsequent 
to  or  concurrently  with  reactive  sintering,  espe¬ 
cially  in  systems  with  a  weak  exotherm  or  in  two- 


TABLE  2 

Tensile  properties  of  NiAl  at  elevated  temperatures 


Alloy 

Condition 

Temper¬ 

ature 

rc) 

(*-') 

Yield 

strength 

(MPa) 

Ultimate 

tensile 

strength 

(MPa) 

Reduction 
in  area 

(%) 

Reference 

Ni-49wt.%AI 

RS  +  H1P(20% 

700 

1.67  x  10“ 

173 

191 

3 

Present  study 

pre-alloyed) 

800 

1.67  x  10"4 

135 

154 

14 

Present  study 

Ni-49wt.%AI-20vol.%TiB, 

RS  +  HIP(20% 

700 

1.67x10-* 

394 

344 

0 

Present  study 

pre-alloyed) 

750 

1.67x10-* 

310 

360 

6.5 

Present  study 

800 

1.67  x  10-* 

190 

207 

12.5 

Present  study 

900 

1.67  x  10'4 

86 

99 

9.4 

Present  study 

Ni-50wt.%AI 

P/M  extruded 

850 

4.2  x  10‘5 

75 

[41) 

1000 

4.2  x  JO'5 

20 

[41) 

Ni-50wt.%AI  -5vol.%ThO, 

P/M  extruded 

850 

4.2  xlO’5 

150 

[41| 

1000 

4.2  x  10"5 

80 

[41) 

Ni-50wt.%AI 

Cast 

m 

— 

134 

12.3* 

I 

[42 

1 

815 

— 

105 

24.5* 

! 

[42 

1 

925 

— 

66 

27.2* 

1 

[42 

1 

Ni-50wt%AI-2.7vol%TiB: 

RS.  extruded 

760 

8.4  x  10 -J 

209 

251 

64.7 

[40) 

‘Measured  elongation. 
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phase  systems.  Reactive  sintering  is  favored  also 
by  the  use  of  fine  powders  and  controlled  atmos¬ 
pheres.  Reactive  HIP  of  injection  molded  fibrous 
composites  is  a  feasible  method  of  producing 
aligned  intermetallic  matrix  composites.  Mechan¬ 
ical  properties  of  NiAl-TiB,  composites  pre¬ 
pared  by  reactive  synthesis  compare  well  with 
properties  achieved  by  other  powder  processes. 
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Powder  Fabrication  of 
Monolithic  and 
Composite  NiAl 

David  E.  Alman*  and  Norman  S.  Stoloff** 

Reactive  sintering,  hot  isostatic  pressing  and  powder  injection  molding 
techniques  were  utilized  for  the  processing  of  NiAl  and  several  NiAl 
composites.  It  was  necessary  to  control  the  exothermic  reaction  associated 
with  reactive  sintering  and  reactive  HI  Ping  (RHIP)  by  combining  NiAl 
prealloyed  powders  with  elemental  Ni  and  A!  powders.  Once  particulate 
composites  of  NiAl-TtB2  were  fabricated,  compressive  and  tensile  stress 
strain  curves  were  established  as  a  function  of  test  temperature.  NiAl- 
Al20 3  fibrous  composites  also  were  fabricated  Alignment  of  short  fibers 
was  accomplished  by  using  powder  injection  molding  techniques.  Nearly 
perfect  specimens  were  produced  indicating  that  this  is  a  viable  technique 
for  the  fabrication  of  aligned fibrous  intermetaltic  matrix-composites. 


Introduction 

he  intermetallic  compound  NiAl  displays  a 
number  of  favorable  properties  for  use  at  high 
temperatures.  These  include  a  high  melting 
temperature  (1640  °Q,  low  density  (5.86  g/cm1),  and 
excellent  oxidation  resistance.  However,  NiAl  is  brittle 
at  room  temperature  and  has  low  strength  at  high 
temperatures.1  One  potential  means  of  improving 
toughness  is  to  utilize  a  fibrous  second  phase  for 
reinforcement  Particulates  also  can  be  used  for  strength 
improvements.  Powder  metallurgical  processes  arc 
useful  in  preparing  such  composites*  as  has  been 
demonstrated  in  the  TijAl/SiC2  and  AljTa/ AljOj1 
systems.  Brindley2  prepared  TijAl  powder  cloths  from 
prealloyed  powders;  these  cloths  were  interspersed  with 
layers  of  continuoud'SiC  fibers,  and  consolidated  by 
hot  pressing.  Anton1  infiltrated  a  AljOj  fibrous  preform 
with  elemental  A1  and  Ta  powders.  Consolidation  of 
the  composites  or  of  the  AljTa  matrix  was  performed 
by  reactive  hot  pressing.  A  recent  review  article  by 
Soloff  and  Alman4  describes  these  and  other  innovative 
processing  technniques  for  the  fabrication  of  interme¬ 
tallic  matrix  composites. 
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NiAl  also  has  been  investigated  for  use  as  a  matrix 
for  high  temperature  composites.  Seybolt5  mechan¬ 
ically  alloyed  NiAl  with  A12Oj,  YiOj  and  Th02 
particles.  These  particles  improved  the  high  temper¬ 
ature  tensile  properties  of  NiAl.  The  effects  of  fine 
TiBj  (1  to  3  jim)  particles  on  NiAl  have  been 
studied.6-7-22-21  Martin  Marietta's  proprietary  XD 
process  has  been  employed  to  fabricate  NiAl  dispersed 
with  2.7  to  30  v/o  TiBj  particles.6-22-21  These  panicles 
significantly  improved  the  compressive  strength  of 
stoicbometric  NiAl;  the  addition  of  30  v/o  TiBj 
improved  the  compressive  flow  stress  of  NiAl  from 
25  MPa  to  95  MPa  at  1027  °C  and  a  strain  rate 
of  2  X  10“*  sec"'.6-22  The  XD  process  also  has  been 
lised  to  disperse  fine  TiBj  panicles  in  Ni-38.5  a/o  Al,24 
NiAl/NijAlTi  alloys,21  CoAl*  and  Ti-45  a Jo  Al.26 
Similarly,  NiAl/ 2.7  v/o  TiBj,7  fabricated  by  rapid 
solidification  techniques,  had  a  tensile  yield  stress  of 
208MPa  as  compared  to  85MPa  for  monolithic  NiAl 
at  760  °C.  Not  all  efforts  have  been  aimed  « 
fabrication  of  particulate  composites  based  on  NiAl. 
Kumar  et  al.6  also  fabricated  NiAl  and  NiAl/TiBj 
alloys  reinforced  with  random  AljOj  whiskers.  With 
15  v/o  whiskers  the  fracture  toughness  improved  to 
9MPaV®  compared  to  6MPa\/m  for  monolithic 
NiAl.  However,  the  scatter  associated  with  the 
fracture  toughness  of  the  whisker-reinforced  compo- 
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random  input  oriented  output 


Figure  1.  Fiber  alignment  by  injection  mowing." 

site  was  significant.  Earlier,  Walters  and  Cline*  had 
fabricated  NiAl  reinforced  with  Cr  and  Mo  fibers 
by  directional  solidification  techniques.  Recently, 
Nathal  et  al.*  consolidated  NiAl+W  reinforced  with 
SiC  fibers  by  the  powder  cloth  method  described 
previously. 

This  paper  summarizes  efforts  to  fabricate  both 
particulate  (TiBj)  composites  and  aligned  chopped 
fibrous  AljOj  composites  with  a  NiAl  matsix  usiafc. 
P/M  techniques,  such  as  reactive  sintering  ana 
powder  injection  molding.  Alsd  repbrtea  lit 
preliminary  results-on  the  mechanical  behavior,  of 
these  composites.  . 


Background 

Reactive  sintering,  also  termed  seif  propagating  high 
temperature  synthesis  or  gasless  combustion,  has  been 
described  elsewhere  in  detail  for  NijAl.10  This  is  a 
process  in  which  an  exothermic  reaction  between  two 
or  more  elemental  constituents  of  a  powder  compact 
provides  enough  heat  to  produce  a  liquid  phase  which 
markedly  reduces  sintering  time.  If  isostatic  pressure 
is  applied  during  sintering  the  process  is  termed 
Reactive  Hot  Isostatic  Pressing  (RHIP). 

Powder  injection  molding  has  been  proposed  as  a 
method  to  achieve  alignment  of  chopped  fibers  in  a 
powder  matrix.' 1  This  process  consists  of  binder- 
assisted  extrusion  of  the  powders  and  fiber  through 
a  tapered  die  prior  to  consolidation  to  achieve  fiber 
alignment,  as  depicted  in  Fig.  1."  Extrusion  is 
performed  at  temperatures  above  the  softening 
temperature  of  the  binder.  After  extrusion,  the  binder 
is  thermally  removed  and  the  powder  is  consolidated, 
resulting  in  an  aligned  fibrous  composite.  One 
advantage  of  a  powder  injection  molding  technique 
is  that  with  the  proper  die  design  complex  P/  M  parts 
can  be  produced.  From  a  manufacturing  point  of  view, 
this  technique  is  superior  to  one  that  results  in  flat 
plates.  The  major  disadvantage  is  that  continuous 
reinforced  composites  cannot  be  produced. 


Experimental  Procedure 

The  characteristics  of  thr  ;  owder,  particles  and  fibers 
used  in  this  study  are  sun.,  .arized  in  Table  I.  For  the 
fabrication  of  NiAl  and  NiAl/TiB],  INCO-123  Ni 
powder  and  Valimet  H-IS  A1  powders  were  used. 
3)$erior  fibcLaliggrneal  achieved  with  smaller. 
particles,11  mthe-Navamet4SP  Nfandsmaller  VaHtoe? 
H-3^1  powders  were  chosen  for  experiments  involving 
the  .fabrication  of  Nf  AJ/AlgQ}  fibrous  aligned 
composites.  Z 
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Elemental  powders  were  mixed  to  a  composition 
corresponding  to  Ni-49  a/o  A1  (30  w/o  Al).  For 
composite  specimens  the  appropriate  amount  of  the 
reinforcement  phase  was  blended  with  the  matrix 
mixture.  Mixing  of  the  powder  was  performed  in  a 
turbula  type  mixer  for  1  hour.  Cylindrical  compacts 
(0.5  grams,  6  mm  in  diameter)  were  pressed  to 
350MPa,  with  a  resulting  green  density  of  approx* 
imately  75  percent  of  theoretical  These  compacts  were 
reactively  sintered  in  vacuum  (10-*  Pa)  for  IS  minutes 
at  700  °C.  Experimentally,  it  was  found  that  the 
vacuum  (Van an  M-4  diffusion  pump  system)  did  not 
deteriorate  due  to  evolved  gases  until  sample  sizes 
approached  500  g.  Sintered  densities  were  determined 
by  the  water  immersion  technique  and  metallographic 
inspection.  For  material  produced  by  RHIP,  the 
mixed  powders  were  cold  isostatkally  pressed  (CIP) 
to  210  MPa  in  a  cylindrical  polyurethane  mold  bag. 
The  resulting  specimens  were  approximately  12.7mm 
in  diameter  by  100mm  long,  weighing  50  grams  and 
had  a  green  density  of  approximately  70  percent  of 
theoretical.  These  specimens  were  then  vacuum 
encapsulated  in  304  stainless  steeL  Prior  to  encap¬ 
sulation  the  specimens  were  degassed  in  vacuum  at 
300  °C  for  10  hours.  RHIP  conditions  were  172  MPa, 
750  °C  or  1200  °C  for  1  hour.  Fig.  2. 

Aligned  fibrous  composites  were  produced  by  adding 
a  blend  of  Ni  plus  Al  powders  (Ni-49  a/o  Al)  and 
IS  v/o  AljOj  fibers  to  35  v/o  of  a  melted  low  molecular 
weight  proprietary  polymer  binder.  As  a  consequence 
of  the  small  amount  of  powders  used  (approximately 
50  grams  total),  mixing  was  performed  manually  in 
glass  jars.  A  hand  press  was  utilized  for  extrusion  from 
a  heated  die  (90  °Q.  The  extrusion  die  was  tapered 
from  12.7  to  1.3mm.  The  extruded  “wires"  (1.5mm  in 
diameter)  were  then  carefully  placed  in  a  polyurethane 
die  and  CIPed  to  208MPa  to  produce  specimens 
approximately  25.4mm  long  by  12.7mm  in  diameter, 
Ftg  3.  The  binder  was  removed  by  thermal  debinding 


Ni*Al.  15  Vol  9o  FP  Fibers.  35  Vol°«  Binder 
As  Extruded 


ngim  9l  Sample  produced  by  the  Mnder-aaaisted  extrusion 
technique. 

(4  hours  at  450  °C  in  flowing  hydrogen).  The  samples 
were  then  reactively  sintered  as  described  above.  The 
procedure  is  outlined  in  Fig  4. 


The  exothermic  reaction  associated  with  the  reactive 
sintering  of  NiAl  from  elemental  powders  was 
uncontrollable.  The  heat  that  was  generated  was 
sufficient  to  melt  the  compacts,  as  shown  in  Fig  5, 
and  to  destroy  AI2O]  sintering  crucibles.  The  micros¬ 
tructure  of  this  material  (Fig  6)  has  the  characteristics 
of  a  casting  rather  than  the  expected  equiaxed  P  /  M 
microstructure.  Electron  microprobe  analysis  revealed 
that  the  composition  of  the  material  was  Ni-49  a/o 
Al  and  the  small  dark  particles  present  were  oxides 
associated  with  prior  particle  boundaries. 

It  was  found  by  trial  and  error  that  the  reaction 
could  be  diluted  by  mixing  10  to  25  %  of  prealloyed 
NiAl  powder  with  the  elemental  powder.  Fig  7.  The 
optimum  amount  of  ptealloyed  powder  needed  to 
control  the  reaction  was  found  to  be  dependent  on 
the  particle  size  distribution  of  the  ptealloyed  powder. 
The  NiAl  powder  purchased  from  Cerac  had  a  more 
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Figure  4.  Outline  of  the  binder  ■—inert  extrusion  technique. 

narrow  panicle  size  distribution  than  the  powder  milled 
at  RPI.  Therefore,  blending  was  achieved  with  less 
Cerac  powder  than  RPI  powder.  The  first  two  ban 
in  Fig.  8  show  properties  for  reactively  sintered  NiAl 
with  RPI  and  Cerac  powders.  Even  though  different 
optimum  amounts  of  prealloyed  powders  were  used, 
the  propenies  are  essentially  equivalent. 

The  propenies  of  intermetallic  compounds  are 
sensitive  to  impurity  content.12  Therefore,  it  was 
decided  that  in  order  to  compare  the  propenies  of  the 
NiAl  with  composite  alloys,  the  amounts  of  prealloyed 
powders  needed  to  be  similar  in  both  matrix  and 
composite  specimens.  Fig.  8  also  shows  the  effect  of 
T1B2  panicles  on  the  strength  of  reactive  sintered  NiAl. 


400jim 


Figure  a.  Mlcroetnjcture  of  reactively  sintered  NiAl  from  Ni  and 
Al  powders.  Reactively  sintered  while  vacuum  encapsulated  in 
a  thick  walled  stainless  steel  can  followed  by  a  HIP  cycle  |l72MPa. 
1  hr.  1200  *C).  a)  as  polished  b)  etched.  Kaltlngs  solution. 
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Figure  7.  Effsct  on  shaps  rstantion  of  ths  addition  otprsalloyoO 
NiAl  powdara  to  diluts  tha  reaction  batwaan  Ni  and  Ai.  (a)  10% 
praalloyad  90%  elemental  (b)  20%  praalloyad  80%  alamantai  (C) 
25%  praalloyad  75/%  alamantai  powdara. 


c 


It  is  evident  that  TiB2  hindered  densification.  Pressure 
had  to  be  employed  in  the  form  of  RHIP  to  produce 
fully  dense  specimens. 

Typical  microstructures  of  NiAl  and  NiAl/TiBj  com¬ 
posites  fabricated  by  RHIP  at  750  °C  and  1200  °C 
are  shown  in  Figs.  9  and  10,  respectively.  Both 
monolithic  and  composite  alloys  fabricated  at  750  °C 
and  monolithic  NiAl  fabricated  at  1200  °C  were 
inhomogeneous.  Electron  microprobe  analysis 
revealed  that  the  light  etching  phase  was  Ni-45  a/o 
AI  while  the  dark  etching  phase  was  Ni-50  a/o  Al, 
both  within  the  NiAl  phase  field.  These  alloys  were 
homogenized  at  1300  °C  for  approximately  6  hours 
in  vacuum.  The  composition  of  the  as-homogenized 
material  was  determined  by  electron  microprobe  to 
be  approximately  Ni-49  a/o  Al.  NiAl/TiBj  alloys 


RHIP  at  1200  °C  were  found  to  be  homogeneous  in 
the  as-fabricated  condition  and  did  not  need  to  be 
heat  treated. 

Notice  that  the  microstructure  of  the  RHIP  NiAl 
fabricated  from  the  mixture  of  prealloyed  and 
elemental  powders  had  a  more  equiaxed  grain  structure 
than  NiAl  produced  from  elemental  powders,  cf. 
Figures  6  and  9.  Also,  the  addition  of  TiB2  panicles 
acted  to  refine  the  grain  structure  of  NiAl;  5  m m  for 
the  composite  alloys  vs.  30  pm  for  monolithic  NiAl. 

Compression  tests  for  monolithic  and  TiB}  reinforced 
NiAl  alloys,  RHIP  at  1200  °C,  were  carried  out  as 
a  function  of  test  temperature.  Compression  flow 
stresses  vs.  temperature  are  plotted  in  Fig.  II.  Note 
the  rapid  rise  in  yield  stress  with  increasing  TiBj  content 
at  room  temperature.  A  portion  of  this  strengthening 
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Flgura  a.  Effact  off  TiB2  Pamelas  on  the  properties  of  raactivaly 
sintered  NiAl 


can  be  attributed  to  the  very  fine  grain  size  of  the 
composite  alloys.  The  remainder  of  the  strengthmg  is 
due  to  the  TiBj  panicles.  Above  700  °C  there  is  a 
rapid  decrease  of  flow  stress  with  temperature. 

Large  ingots  (31.75mm  in  dia.  by  75mm  long, 
weighing  200  grams)  of  NiAl  and  NiAl/20TiB2  were 
prepared  for  fabrication  of  tensile  specimens.  Mixed 
powders  (Ni,  Al,  NiAl  and  TiBj)  were  CIPed  to  70% 
of  theoretical  density  and  encapsulated  in  304  stainless 
steel.  In  light  of  the  inhomogeneity  of  the  RHIP 
materials,  it  was  determined  that  these  specimens 
should  be  reacted  while  attached  to  an  active  vacuum, 
followed  by  a  conventional  HIP  cycle  ( 1250  °C  4  hrs  / 
172MPa),  to  remove  residual  porosity.  A  represen¬ 
tative  microstr'cture  is  shown  in  Fig.  12.  NiAl/TiB2 
tensile  specimens  (Fig.  13)  were  produced  by  grinding; 
however,  NiAl  specimens  had  to  be  produced  by 
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Figure  11.  EMect  of  T'S?  particles  or  the  compressive  properties  of  NiAl  iRhiP  1200  °Cl. «  =  4  «  i0  *sac 
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Flpwa  12.  Microatmctura  of  rsocttvWy  sintered  and  HIPad 
matanal  a)  NiAl  D)  NiAI/20  v/O  TIB*. 
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Fig.  IS  showi  the  microstructure  of  an  aligned 
fibrous  composite,  NiAl/  IS  v/o  A1203,  produced  by 
binder-assisted  extrusion  and  reactive  sintering.  The 
reinforcing  phase  was  used  to  control  the  reaction, 
instead  of  prealloyed  powders.  Note  the  equaixed 
grain  structure  of  the  matrix,  along  with  the  nearly 
perfect  fiber  alignment  and  distribution.  Also  note 
the  large  residual  pores  remaining  after  reactive 
sintering.  HIPing  after  reactive  sintering  produced 
fully  dense  specimens,  as  shown  in  Fig.  16. 


electro  discharge  machining.  Prior  to  testing  the 
surfaces  of  (he  specimens  were  mechanically  polished 
through  9pm  diamond.  Figure  14  shows  yield  and 
ultimate  tensile  strengths,  along  with  reduction  in 
area,  as  a  function  of  temperature  for  NiAl  and  NiAl / 
20  v/o  TiB]  composite.  Most  samples  were  tested  in 
air  except  at  900  °C.  Note  the  rapid  drop  in  tensile 
strength  with  temperature  for  both  matrix  and 
composite. 


| _ is. 1mm  — | 

|  2>4  mm - 1 


Figure  13.  Cylindrical  tensile  specimen. 


Dfecunjon 

Control  over  the  exotherm  associated  with  the 
formation  of  NiAl  was  attained  by  adding  a  high 
melting  temperature  particulate  to  elemental  powders. 
The  latter  acts  as  a  heat  sink  for  the  heat  that  is 
generated  from  the  reaction  between  Ni  and  AL  For 
the  case  of  monolithic  NiAl,  prealloyed  NiAl  powder 
was  used  to  dilute  the  reaction.  Similar  results  were 
obtained  for  the  combustion  ofTiC.11  As  the  percentage 
of  prealloyed  TtC  powder  increased  the  maximum 
temperature  of  the  reaction  between  Ti  and  C 
decreased.  For  reinforced  NiAl  alloys  the  reinforcement 
phase  can  also  be  used  as  a  dilutant,  as  was  the  case 
with  the  NiAl/AljO)  composites.  While  nearly  fully 
dense  monolithic  NiAl  could  be  reactively  sintered, 
experience  revealed  that  pressure-aided  sintering 
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Figure  15.  Microatructure  at  two  magnificat  ions  of  NiAI/15 
v/o  aligned  Dupont  FP  AI2Oj  fibers  fabricated  by  binder  asaiated 
extrusion  plus  reactive  sintering  (etched.  Kailings  solution). 


techniques  (RHIP)  are  required  to  fabricate 
composites. 

The  application  of  pressure  during  reactive  sintering 
(RHIP)  caused  the  transient  liquid  phase  to  become 
non-uniformly  dispersed,  which  lead  to  the 
inhomogenity.  Similar  inhomogeneities  have  been 
found  during  HIPing  in  the  presence  of  a  liquid  phase 
tn  the  W-Ni  system.14  Owing  to  its  reduced  grain  size 
the  NiAl/TiBj  composite  alloys  fabricated  at  1200  °C 
were  homogeneous,  since  in  ordered  alloys  grain 
boundary  diffusion  is  more  rapid  than  bulk  diffusion. 
Even  with  the  resulting  fine  grain  size,  a  processing 
temperature  of  750  °C  proved  too  low  to  form 
homogeneous  composite  materials. 


Figure  15.  Fully  dense  microstructure  of  NiAI/15  v/o  aligned 
FP  fibers  fabricated  by  binder-assisted  extrusion  plus  reactive 
sintering,  followed  by  a  HIP  cycle  (172  MPa.  1200  *C.  i  hour). 
HIP  sample  was  vacuum  encapsulated  in  stainless  steel,  a)  as 
polished  b)  etched,  Kailings  solution. 

Somewhat  surprising  is  the  considerable 
strengthening  from  the  addition  of  large  (13Mm)  TiB? 
particles.  Some  of  this  strengthening  arises  from  matrix 
grain  size  refinement,  the  grain  size  being  reduced  from 
30jim  to  5 jim  by  the  TiBj  particles.  However,  a  Hall- 
Petch  analysis  of  the  contribution  from  grain  size 
refinement  to  strengthening  can  only  account  for  a 
portion  of  the  observed  strengthening,  see  Table  II. 

A  rule  of  mixtures  calculation  provides  an  upper 
limit  for  the  strength  of  NiAl  reinforced  with  TiB?, 
assuming  that  there  is  no  interaction  (Le.  dislocation 
motion  impedence)  between  the  matrix  and  panicles. 
Table  III  compares  calculated  and  experimentally 
determined  compressive  yield  strengths  for  NiA]/TiB2 
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TABU  II.  Contribution  of  Grain  Refinement  to  Room 
Temperature  Compreeatee  Yield  Stress 


Grain  Size  Yield  Stress 
(mM)  (MPa) 


NiAl  (10%  Prealloyad) 

30 

890 

NiAl  (10%  Praailoyad) 

Calculated  from  Hall  Paten ' 

5 

1000 

NiAl  (10%  PraailoyaO) 

15  v/o  TiB,- 

5 

1060 

NiAl  (10%  PraailoyaO) 

20  v/o  TiB, 

S 

13S0 

'Hall  Patch  slope  from  Schulson'* 


alloys  at  room  temperature.  It  is  clear  that  some  of 
the  strengthening  arises  from  interactions  between  the 
particles  and  the  matrix. 

Tables  IV,  V  and  VI  compare  compressive  and  tensile 
strengths  of  NiAl  and  NiAl  particulate  reinforced  alloys 
fabricated  by  other  techniques  to  materials  produced 
by  reactive  synthesis.  It  is  important  to  remember  that 


Figure  17.  NiAl  reinforced  with  10  v/o  FP  fibers  a)  tensile  bars 
b)  cross  section. 


TABLE  III.  Compariaon  of  Boom  Temperature  CompeeasNa 
Strangthe  ol  NiAl  and  NtAVTO,  and  Rutaa  of 

Mixture*  Calculated  StrangVw 

v/o  TiB, 

Rule  of  Mixture 
Compressive  Strength 
(MPa) 

Experimentally 
Determined 
Compreaaive  Strength 
(MPe) 

0 

_ 

1000' 

20 

1144 

1350 

40 

1288 

1915 

100 

-  -v- 

1723“ 

*NiAI  Sum  grain  size  calculated  from  Hall  Patch  relationship 
(Table  II). 

“Value  for  TiB,  from  Mandorf  at  al.’» 


the  properties  of  NiAl  are  sensitive  to  g:  it. 

impurity  content,  deviations  from  stoichiotr  id 
strain  rate  effects.  Direct  comparison,  therefe  aid 

not  be  made.  However,  comparison  of  the  in 
these  tables  clearly  indicates  that  fine  Tib;  ^articles 
are  needed  to  significantly  strengthen  NiAl  at  elevated 
temperatures.  Also,  NiAl  fabricated  by  reactive 
synthesis  has  equivalent  mechanical  properties  to 
materials  produced  by  other  techniques. 

Results  of  the  binder-assisted  extrusion  experiments 
indicate  that  this  is  a  viable  method  for  producing 
aligned  fibrous  composites.  Near  perfect  alignment  was 
achieved  using  the  techniques  described  previously. 
Near  net  shape  composites  (NiAl / 10  v/o  A1203)  have 
been  produced  by  injection  molding  coupled  with 
reactive  sintering.  Fig.  17.  It  is  evident  that  pressure 
must  be  employed  to  produce  fully  dense  composites. 
One  problem  has  been  damage  to  the  fibers  dunng 
powder  processing.  A  fiber  that  is  stiffer  in  the 
transverse  direction  (i.e.,  one  with  a  tungsten  core) 
might  be  less  susceptible  to  damage  during  powder 
processing  than  the  FP  fiber. 

Figure  18  compares  microhardness  values  for  alloys 
fabricated  in  this  study.  It  is  important  to  recall  that 
a  large  poriton  of  the  strengthening  with  TiBj  is  a  result 
of  grain  size  refinement  of  the  matrix.  The  addition 
of  AljOj  fibers  did  not  refine  the  grain  size,  so  that 
values  cannot  be  compared  directly.  Larger  microhard¬ 
ness  values  were  obtained  with  aligned  fibers  than  for 
randomly  oriented  fibers.  The  behavior  of  cracks 
initiating  from  hardness  indentations  can  be  used  to 
gauge  the  ability  of  the  fibers  to  blunt  cracks,  and 
therefore,  increase  the  toughness  of  the  composite 
relative  to  the  matrix  alone.  Figure  19  shows  a  crack 
initiating  from  a  hardness  indentation  in  a  fully  dense, 
random  NiAl/  AljO)  composite.  Note  that  the  cracks 
propagate  around  and  not  through  the  fibers,  indicating 
that  the  addition  of  A12Oj  fibers  may  improve  the 
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TABLE  IV.  Effect  of  Pmrsaatni  CondtBon  and  Grain  tea  on  CompttatNt  Yltld  tbangBi  of  NiAl  at  Ambient  Temperature 


Alloy 

Condition 

Grain  Sizt  (**m) 

o„(MPa) 

Refartnct 

48.9  Al 

Cast 

>500 

430* 

Ball  and  Smallman'* 

49  Al 

— 

30 

311 

Schutson  and  Barker'* 

50  Al 

VIM,  HIP.  extruded 

50 

290 

Law  and  Blackburn*® 

50  Al 

Hot  Prats,  prtalloytd 

2000-3000 

314” 

Rigney  etal.’7 

50  AI-IOTiB, 

Hot  Pratt,  prtalloytd 

40 

896” 

Rignty  at  al.*7 

49  Al 

RS.  0%  prtalloytd 

30 

544 

pratant  study 

49  Al 

RHIP.  10%  prtalloytd 

30 

890 

presant  study 

49  AI-15TI8, 

RHIP.  10%  prtalloytd 

5 

1060 

pratant  study 

49  AI-20TiBi 

RHIP.  10%  prtalloytd 

5 

1350 

pratant  study 

*  200* C 

**in  band 


TABLE  V.  Effect  otl 

m - « mm  ASM  ■■  faai 

'Tvvimnj  vonvnon,  i 

iMkiWi  md  Strain 

Rsfe  on  Compear 

■fee  YtaM  Strength  of  NiAl 

Alloy 

Condition 

Tamp  (*C) 

i(S*C-') 

°yi(MPt) 

Rafartnca 

49  Al 

RHIP,  10%  prtalloytd 

700 

4  X  10-4 

234 

pratant  study 

950 

4  X  10"4 

62 

pratant  study 

49  At-20TiBj 

RHIP.  10%  prtalloyad 

700 

4X  10^ 

406 

pratant  study 

950 

4X  10-4 

80 

pratant  study 

50  Al 

XD  synthesis 

927 

2  X  10-4 

70* 

Kumar  at  al.* 

50  AI-20TiBj 

XD  synthesis 

927 

2X10-* 

200 

Kumar  at  al* 

50  Al 

VIM.  HIP.  axtrudad 

700 

— 

100 

Law  and  Blackburn** 

900 

— 

50 

Law  and  Blackburn** 

49.2  Al 

P/M.  axtrudad 

927 

1.3  X  10-* 

45 

Whittenberyer** 

'Extrapolation  from  data. 


Tamp 


Alloy 

Condition 

(*C) 

•<aac-') 

Oy(MPa) 

°UTS (MPa) 

R.A  (%) 

Rtftfdoct 

Ni-49  Al 

RS  +  HIP 

700 

1.67  X  l©-« 

173 

191 

3 

pratant  study 

(20%  prtalloyad) 

600 

1.67  X  10~* 

136 

154 

14 

pratant  study 

49AI-20TiBj 

RS  +  HIP. 

700 

1.67  X10-* 

344 

344 

0 

pratant  study 

(20%  prtalloyad) 

750 

1.87  X10-* 

310 

360 

u 

pratant  study 

800 

1.67  X10-* 

190 

207 

12.5 

pratant  study 

900 

1J7X10-* 

66 

99 

9.4 

pratant  study 

50  Al 

P/M  axtrudad 

600 

4.2  X  10"* 

75 

Saybolt* 

1000 

4EX10-* 

20 

Saybott* 

50  AI-5ThO| 

P/M  axtrudad 

660 

4EX10-* 

190 

Saybolt* 

1000 

4JX10-* 

60 

Saybolt* 

50  Al 

Cast 

700 

— 

134 

12.3* 

Grata* 

618 

— 

106 

245* 

Grata* 

928 

— 

66 

Z7T 

Grata* 

50AI*2.7T1B| 

Rapid  Solidify, 

760 

8.4  X  10~* 

206 

251 

64.7 

JhaandRay7 

extruded 

•maaaurad  afongatton 

component  is  present  to  dilute  the  exothermic  reaction 
between  Ni  and  AL  For  monolithic  NiAl,  small 
additions  of  prealloyed  NiAl  to  purely  elemental 
powders  are  sufficient  to  control  the  reaction.  The 
application  of  pressure  during  the  reaction  of  the  diluted 
mixture  causes  the  initial  liquid  that  forms  to  become 
nonuniformly  dispersed,  which  leads  to 


toughness  of  NiAl,  confirming  the  results  of  Kumar 
etaL* 

CondualoM 

NiAl  and  NiAl  matrix  composites  can  be  fabricated 
from  a  reactive  synthesis  approach  as  long  as  a 
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w 

<n 

Ui 

z 

o 

cr 

< 

x 

V) 

a 

Ui 

V 

y 

> 


600  n 


500  H 


400  n 


300  H 


200  H 


100  H 


500 


327 

NiAl*/ 

15  v% 

AlgOs 

random 
fiber 
orientation! 


350 


NiAl*/ 

15  v% 

AI2O3 

t 

c- 

1?* 

aligned 

PS 

♦ 

fiber 

orientation 

u 

*  fabrication  route:  100%  elemental  powders  (except  for  reinforcement  phase) 
reactively  sintered  followed  by  HIP.  *  * 

••  fabrication  route:  Mixture  of  90%"eiemen1ai(Ni»^ and  10%  prealloyed  (NiAl) 


powders  RHIP.  X 

Ptgura  it.  Comparativa  microhardnaaa  for  tulty  dan aa  NiAl  alloys. 


*1..- 


inhomogeneities  in  the  mierostructure.  Therefore,  the 
optimal  fabrication  route  for  NiAl  is  by  reactive 
sintering  followed  by  HIP.  Fabrication  of  composites 
can  be  achieved  without  the  addition  of  prealloyed 
powder  because  the  ceramic  reinforcing  phase  acts  as 
a  heat  sink. 


Binder-assisted  extrusion  (powder  injection  mole  , 
is  a  viable  method  for  production  of  aligned  fibrou. 
composites  in  an  intermetallic  matrix.  Superior 
alignment  is  achieved  with  small  spherical  powders. 
Therefore,  an  elemental  powder  approach  such  as 
reactive  synthesis  is  necessary  for  the  production  of 
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these  composites,  since  elemental  powders  are  more 
readily  available  in  a  wider  range  of  sizes,  shapes,  and 
purity. 

NiAl  and  NiAl/TiBj  composites  fabricated  by 
reactive  synthesis  had  comparable  strengths  at  low  and 
intermediate  temperatures  to  similar  alloys  produced 
by  other  techniques.  Compressive  and  tensile  tests 
revealed  that  the  yield  stress  of  NiAl  can  be  increased 
with  the  addition  of  TiB2.  A  large  portion  of  this 
strengthening  is  attributed  to  grain  size  refinement.  Fine 
TiB2  particles  are  needed  to  strengthen  NiAl 
significantly  at  elevated  temperatures. 

Microhardness  tests  reveal  that  A120}  fibers  will 
strengthen  NiAl,  especially  if  the  fibers  are  aligned. 
Crack  paths  arising  from  hardness  indentations  indicate 
that  the  addition  of  A1203  fibers  may  improve  the 
toughness  of  NiAl. 
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fttrsct 

Tha  NiAl  matrix  coxpoaitaa  ara  among  tha  racantly  widaly  atudiad 
xtsrials  dua  to  thair  attractiva  propartiaa  such  as  high  *«lting 
toparatura,  low  danaity  and  low  coat.  Tha  goal  of  this  raaaarch  ia 
to  study  tha  procaaaing  of  NiAl  matrix  coxpoaitaa  rainforcsd  with 
iiil/15vol%TiB,  1.5  xx  diaxatar  continuoua  fibara.  Tha  whola 
eomosits  notarial  i.a.,  both  tha  rainforcing  fibars  and  tha  xatrix 
uttrinl  ara  producad  by  axtruaion  of  powdar  bindar  xixturas.  Tha 
xxt  stap  ia  to  layup  tha  axtrudataa  in  a  daairadconf  igurationand 
toon  to  cold  iaoatatically  praaa  (CIP)  thax  togathar.  Tha  bindar  ia 
ttxrrsd  frox  tha  graan  aaxpla  and  tha  aaxpla  ia  aintarad  during  a _  hot 
Static  praaaing  (KIP)  oparation.  Thia  fabrication  *?*Jj°* 
dto  tailor  tha  propartiaa  of  tha  xanufacturad  coxpoaita  xatarial. 
Si«c«ba  domT by  controlling  tha  fibar  coxpoaition,  fibar  fr.ction 
ud  thair  layout  in  tha  xatrix.  Extrusion  givaa  us 

of  fibar  diaxatar,  whila  tha  HIP  procaaa  allows  us  to  usa 
nriabla  procaaa  paraxatara  auch  aa  taxparatura,  praaaura  and  tixa. 
atst  prKais  paraxatara  wara  variad  and  thair  inf luanca  on  tha 
propartiaa  of  tha  final  product  ia  diacuaaad  in  tha  papar. 


atadastian 

Tha  objactiva  of  thia  projact  waa  to  •*“<**  **•  ££"£ii*Ucxd 
lt,  nrnnn,«ii  tsehniaua  to  xanufactura  continuoua  fibar  rainforcaa 

Sositaa**1 Th^Mn^acturing  tachnigua  baaad  on  powdar  Processing 
ST^iiiliSIt Snwibility  in  tarns  ofchoic.  for  -atrix  and 
!L.  utxrial.  Tha  aalaction  of  NiAl  for  tha  xatrix  xatarial  and 
j.r  tha  fibar  was  dona  baaad  on  prior  xachanical  and 
Station  data1*1.  Thaaa  xatariala  hava  baan  atudiad  axtanaivaly  and 
m  vail  charactarisad. 


Oxidation  Studies 


Systematic  oxidation  studies  were  performed  on  NiAl  materi 
obtained  by  hot  isostatic  pressing  (HIP)  of  prealloyed  powders  4 
elemental  powders,  which  led  to  reactive  hot  isostatic  pressi 
Z?)1.  Nickel  aiumir.ide  was  used  as  a  matrix  material  4 

rair.icrtafi  vi*a  various  aaotrts  zi  TiS.  particular 
or=prsices  with  1- ,  " ,  and  30  volume  %*  of  reinfcwt 
phase  were  fabricated  with  KIP  and  RHIP  techniques.  These  sum 
were  exposed  to  air  at  1073K,  1273K,  and  1473K  for  several  hoursT* 
results  of  the  oxidation  tests  performed  at  1273K  are  presentadl 
Figure  1.  This  graph  shows  specific  weight  gain  as  a  function  of  tla 
for  various  composites.  The  following  symbols  are  used:  Pi] 
prealloyed  powder,  RS  -  reactive  sintering  (elemental  powders),  a 
prealloyed  powder  obtained  by  XO  process  at  Martin  Marrieta  coapiq 
and  the  number  next  to  the  symbol  shows  the  amount  of  reinforcii 
phase  used. 


+  pa^>  o  rs-o  e  rs-o  ♦  xo-10  a  rs-io 

A  RS-10  □  RS-20  ■  RS-20  ♦  pa-30 


Figure  1.  Specific  weight  gain  of  NiAl  and  NiAl/TiB,  compositu  a 
a  function  of  time  in  oxidation  test  performed  at  1273K.  I 

I 

These  results  show  behavior  similar  to  most  composites  excq( 
for  the  samples  with  30vol%  of  TiBj.  Due  to  the  differ* 
manufacturing  techniques  used  for  these  composites,  only  a  general 
conclusion  can  be  drawn.  A  straight  comparison  between  oxidatig 
resistance  of  the  HIP-ed  prealloyed  powders  and  the  RHIP-ed  element^ 
powders  based  on  the  amount  of  reinforcing  phase  cannot  be  safe 
There  are  important  process  and  material  variables,  different  ta 
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soth.  of  the  fabrication  methods,  which  hava  to  be  taken  into  account, 
fba  tuple  aada  froa  tha  praalloyad  NiAl  povdar  and  HIP-ad  to  full 
entity  axhibits  a  hardnasa  of  34.6  HRC,  whila  NiAl  aatarial 
ainforcad  with  30vol%  TiB?  HIP-ad  undar  tha  aaaa  paraaatars  shows 
(hardness  of  51. 5  HRC.  At  this  point  a  coaproaisa  was  aada  batwaan 
a*  iaprovad  aachanical  propartias  and  degraded  oxidation  rasistanca 
d NiAl/TiBj  coapositas  with  highar  fraction  of  tha  rainforcing  TiB, 
pate.  Tha  ralationship  for  oxidation  rasistanca  as  a  function  or 
dM  is  shown  in  Figuro  1.  Tha  problaa  of  losing  oxidation  rasistanca 
nth  an  increasing  amount  of  TiBj  can  ba  solved  by  using  a  different 
ay  of  reinforcing  tha  NiAl  matrix.  Tha  goal  was  to  use  an 
attlligent  processing  route,  which  would  allow  us  to  improve  tha 
schanical  propartias  of  the  matrix  with  a  significantly  smaller 
friction  of  TiB2  than  30  volume  percent. 


anctot  of  Continuous  Eibar  Reinforced  Composite 

As  a  solution  to  tha  oxidation  resistance  problem,  a  continuous 
fiber  reinforced  composite  (CFRC)  was  suggested.  Tha  idea  was  to  use 
liAl  aatarial  as  a  matrix  and  to  reinforce  it  with  fibers  made  of 
iiAl/15  voltTiBj  composite.  A  schematic  cross  section  of  that 
.asposita  with  20«  fiber  fraction  is  presented  in  Figure  2. 


Sample  Diameter  10.0  mm 
Fiber  Diameter  1.5  mm 

Fiber  Fraction  20.0  % 

figure  2.  Composite  cross  section. 

To  produce  such  material  a  relatively  complex  fabrication  method 
it  required.  First  tha  selected  powders  were  mixed  with  a  binder  to 
prince  a  feedstock.  Then  the  feedstock  was  extruded  through  a 
ad  cal  die  to  fora  a  fiber.  This  operation  was  used  for  different 
pader/binder  mixtures  to  obtain  fibers  for  the  NiAl  matrix  and  the 
liAl/TiBj  reinforcing  material.  In  the  next  step  straight  fibers  of 
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different  cooposition  were  laid-up  in  a  desired  manner  to  form  ttu 
composite  preform.  The  preform  was  then  cold  isostatically  press* 
(C1P) ,  which  gave  green  strength  to  the  fiber  compound.  The  grew 
strength  is  desired  due  to  fact  that  the  sample  had  to  be  handled 
during  the  debinding  and  HIP-ing  operations.  The  next  step  was  i 
debinding  procedure,  which  enabled  us  to  remove  the  binder  from  tte 
fibers  pressed  together.  After  that  step  the  sample  was  ready  for  the 
final  densification  process.  It  was  encapsulated  under  vacuum  and 
then  HXP-ed.  Final  product  testing  included  microstructunil 
observations,  density,  and  hardness  measurements.  A  flow  chart  of  tbs| 
whole  fabrication  method  for  CFRC  is  shown  in  Figure  3. 


Figure  3.  Flow  diagram  for  powder  processing  of  continuous  file 
reinforced  composite. 

Expaciroantal  and  Raaulti 

Prealloyed  NiAl  and  TiB,  powders  characterized  in  Table  X  turn 
used  in  the  first  experiments.  There  were  mixed  with  an  organic 
binder,  whose  composition  is  shown  in  Table  XI.  Powder  loading  fee 
NiAl/binder  and  HiAl/l5vol*TiBj  /binder  mixtures  was  determined  If 
torque  rheometer  and  the  values  were  55%  and  46%  respectively.  Port* 
binder  mixtures  were  extruded  through  a  1.5  mm  diameter  conical  db 
at  393  K.  The  extrudates  and  the  die  are  shown  in  Figure  4. 
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Table  X 


Powder . Characteristic 


Material 

NiAl 

Vendor 

Cerac  Xnc. 

Production  Method 

Ball  Milled 

Ntan  Particle  Size 

18jm 

Table  XX 

Binder  Coaposition 

Composition  of  the  binder 


Paraffin  Wax 

69% 

Polypropylene 

20% 

Carnauba  Wax 

10% 

Stearic  Acid 

1% 

figure  4.  Extrudatas  and  l.S  wm  diameter  die. 


The  extrudates  were  warmed  on  a  hot  plate,  which  allowed 
straightening  of  fibers  made  from  the  powder/binder  mixtures, 
extruded  fibers  were  laid-up  ir  the  desired  configuration  and  t 
cold  isostatically  pressed  at  224  MPa.  Then  the  sample  vat 
thermally  debound  in  hydrogen  following  the  schedule  presented  ia 
Table  III.  This  schedule  also  allowed  presintering  so  sampli 
handling  did  not  cause  a  problem.  The  sample  was  placed  in  1 
stainless  steel  can,  degassed  at  625  K  for  12  hours  and  then  sealad 
under  the  vacuum.  This  way  the  prepared  HIP  can  was  placed  in  a  HI? 
pressure  chamber  and  processed  for  an  hour  at  1473  K  under  * 
pressure  of  170  MPa.  This  processing  route  enables  achievement  of 
a  fully  dense  material.  The  microstructure  of  the  composite,  shorn 
in  Figure  5,  is  almost  homogenous  in  the  whole  cross  section  area. 

Table  III 

Thermal  Debinding  Schedule;  Hydrogen  Atmosphere 


_ Thermal  Debinding  Steps 

1.  Heating  rate  2K/min 

2.  Hold  for  300  min  at  723X 

3.  Heating  rate  lOK/min 

4.  Hold  for  60  min  at  1473K 

5.  Cooling  rate  20K/min  down 

to  room  temperature _ 


Figure  5.  Microstructure  of  cross  section  ares  for  a  sample  when 
the  NiAl/TiBj  fiber  is  homogenized  into  the  matrix. 
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I  A*  TiBj  particles  were  repositioned  before  they  were  sintered 
together.  This  resulted  in  almost  even  dispersion  of  TiBj  particles 
la  the  whole  matrix  and  in  the  loss  of  the  fibe„-  reinforced 
daracter  of  the  composite  material.  In  this  situation  we  were 
idling  with  a  particle  reinforced  material  instead  of  a  fiber 
rtinforce'  composite. 

In  Jie  next  set  of  experiments  it  was  decided  to  replace  the 
praalloyed  NiAl  powder  with  Ni  and  A1  elemental  powders  to  use  the 
motive  sintering  technique  after  debinding  instead  of 
praaintering.  The  HIP  process  was  used  only  to  densify  the  fiber 
uttrial ,  which  had  been  sintered  already  and  to  enhance  the 
iintaring  of  fibers  together.  The  powders  used  for  reactive 
lintaring  are  characterized  in  Table  IV.  These  powders  were  mixed 
gather  in  the  proportion  required  for  the  NiAl  composition,  in 
srdtr  to  control  propagation  of  the  reaction  wave,  10%  of 
praalloyed  NiAl  powder  was  added.  These  powders  were  mixed  together 
(or  30  minutes  in  a  turbula  mixer  and  then  mixed  with  the  organic 
kinder  described  in  Table  II.  The  powder  loading  for  this  system 
ms  64%.  The  same  reinforcing  fibers  NiAl/15vol%TiBj  were  used.  The 
otrusion  and  CIP  conditions  were  identical  to  those  for  the  first 
uaples.  The  HIP  process  was  performed  for  30  minutes  at  1473K 
mder  a  pressure  of  100  MPa.  As  a  result,  a  sample  with  a  very 
sriginal  microstructure  w*s  obtained.  There  are  distinct 
licrostructure  differences  between  fiber  and  matrix  material.  The 
typical  microstructure  is  shown  in  Figure  6.  The  microhardness 
Muurements  for  both  NiAl  matrix  and  NiAl/TiB,  fibers  are 
prasanted  in  Tab1 «  V. 


Table  IV 

Powders  characteristic  for  reactive  sintering  process 


Material 

Vendor/Grade 

Production 

Method 

Mean  Particle 
Sise 

Ni 

Novamet/4SP 

Gas 

Atomisation 

4  ms 

A1 

Valimet/H-3 

Gas 

Atomisation 

3am 

NiAl 

Cerac  Inc. 

Ball  Milled 

Ham 

TiB, 

ICO  Group  Inc. 

Ball  Milled 

4  Mm 
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Table  V 


Microhardness  for  NlAl  aatrix  and  KiAl/TiBj  fibar  aatarial 


i  Material 

HV  (100  q) 

Readings 

Mean  Value 

|  NiAl  matrix 

254  264  281  285 

304  297  297  264  254 

277.8 

|  HiAl/TiBj  fibar  #1 

421  401  421 

414.3 

|  NiAl/TiBj  fibar  #2 

433  413  530 

458.7 

I  NiAl/TiB,  fiber  *3 

464  421  401 

428.7 

Oiacuaalon 

Tha  aacond  fabrication  aathod  involving  raactiva  a  in tar lg 
provad  to  bo  a  succossful  tachniqua.  Tha  aatarial  obtainad  host 
typical  aicrostructuro  of  a  fibar  roinf oread  coaposita.  Thar*  is  t 
distinct  diffaranca  in  aicrostructuro  and  aachanical  propartia 
batvaan  fibar  and  aatrix  aatarial  (Saa  Fig.  4  and  Tabla  f). 
Raactiva  sintaring  allows  us  to  aaintain  tha  fibar  structure.  Hi 
HIP  process  is  a  vary  useful  dansif i cat ion  tachniqua  but  has  to  b 
pracadad  by  a  sintaring  operation.  Simultaneous  application  4 
taaparatura  and  pressure  resulted  in  vary  extensive  repositioniq! 
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of  the  particles  and  complete  change  of  character  of  the 
reinforcing  structure.  The  HXP-ed  sample  turned  out  to  be 
reinforced  by  dispersed  particles  instead  of  aligned  fibers.  There 
ire  sany  aspects  in  this  technology  which  should  be  studied 
further.  The  first  eventual  changes  should  be  in  the  extrusion 
process.  The  matrix  and  fiber  material  can  be  extruded  through  the 
dies  of  different  diameters.  This  would  allow  better  packing 
density  in  the  green  stage  and  also  help  to  layup  fibers.  The  best 
lolution  is  to  use  matrix  fibers  of  larger  diameter  and  reinforcing 
fibers  of  smaller  diameter.  The  idea  is  to  build  a  continuous 
network  of  large  fibers  with  voids  filled  with  smaller  reinforcing 
fibers.  This  would  significantly  improve  the  packing  density  so 
isportant  for  the  sintering  process  and  also  to  assure  better 
control  of  fiber  alignment.  This  study  was  on  the  NiAl  system  but 
cm  be  extended  to  other  composites.  The  fiber  and  matrix 
cosposition  can  be  easily  changed  and  designed  for  current  needs. 
It  is  also  possible  to  introduce  additional  layer  on  the  fiber 
turface,  which  can  be  made  of  a  ductile  material.  The  ductile 
reinforcing  fibers  could  be  made  by  traditional  wire  drawing 
technology  and  then  placed  in  the  intermetallic  matrix.  The 
proposed  technology  is  very  universal  and  gives  freedom  in 
designing  composite  properties  through  the  matrix  and  fiber 
cosposition,  their  volume  fraction  and  fibers  layout  in  the  matrix. 
The  work  on  this  processing  technique  should  continue  focusing  on 
extrusion  process  and  then  on  optimization  of  reactive  sintering. 
After  that,  the  obtained  composites  will  be  tested  for  mechanical 
properties  and  oxidation  resistance. 

Sussarv 

The  proposed  technique  for  manufacturing  continuous  fiber 
reinforced  composite  by  powder  processing  is  very  attractive  due  to 
its  flexibility.  The  reactive  sintering  version  of  this  technology 
gives  a  much  better  control  over  the  composite  microstructure, 
which  influences  properties.  There  is  a  need  for  further  studies, 
especially  in  extrusion  and  sintering  stage. 
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ABSTRACT 

Alloys  based  on  iron  aluminides  are  of  interest  due  to  their  strength  at  elevated  temperatures, 
food  oxidation  and  sulfidation  resistance,  and  low  material  cost.  These  intennetallic  compounds  are 
expected  to  be  an  inexpensive  alternative  for  moderate  temperature  resistant  alloys.  Until  now,  the 
major  thrust  of  research  has  been  in  the  development  of  new  alloys  and  a  basic  understanding  of 
mechanical  behavior.  Relatively  little  effort  has  focussed  on  the  processing  of  these  materials. 

Reactive  sintering,  a  novel  powder  processing  technique,  has  been  successfully  applied  to 
fabricating  nickel  aluminides.  In  this  paper,  reactive  sintering  and  reactive  hot  isostatic  pressing 
(RHIP)  of  iron  aluminides  are  discussed.  This  study  included  intentional  variations  in  composition, 
powder  types,  powder  size  ratio,  sintering  temperatures,  and  degassing  times.  From  reactive  sintering 
experiments,  an  optimal  combination  of  iron  and  aluminum  particle  sizes  was  selected  for  subsequent 
evaluation  of  composition  and  reactive  hot  isostatic  compaction  variables.  The  results  demonstrated 
that  full  density  could  be  achieved  with  a  high  aluminum  content  material  processed  by  reactive  hot 
isostatic  compaction  (RHIP).  The  maximum  density  obtained  with  an  Fe^M  composition  was  91% 
of  theoretical.  This  could  be  improved,  however,  by  changing  the  processing  parameters.  Reactive 
sintering  without  simultaneous  pressurization  failed  to  give  full  densificauon  in  any  of  the 
compositions  evaluated,  largely  due  to  a  low  enthalpy  of  compound  formation.  The  results  clearly 
demonstrate  that  reactive  hot  isostatic  pressing  can  be  a  method  of  fabricating  iron  aluminides  in  an 
inexpensive  manner. 


INTRODUCTION 

The  promise  of  intennetallic  compounds  as  structural  components  has  been  well  documented 
in  the  literature  [UJ.  Among  all  of  the  intennetallic  compounds,  the  long  range  ordered  aluminides. 
especially  the  nickel  aluminindes,  have  been  most  extensively  studied.  Iron  aluminides.  which  also 
possess  extremely  attractive  properties  like  the  nickel  aluminides,  have  not  been  investigated  to  a 
peat  extent 


131 


Alloys  based  on  Fe3Al  and  FeAl  are  of  great  interest,  however,  due  to  their  good  oxidation  tat 
sulphidation  resistance  and  low  material  cost  (3).  Presently,  the  majority  of  the  heat  resistant  tilm 
are  either  nickel  or  cobalt  based  or  high  nickel  and  chromium  containing  steels.  These  alloys  ofa 
suffer  from  chromium  evaporation  at  high  temperatures,  exhibit  very  poor  hot  corrosion  propemo 
in  sulphur-containing  environments,  and  usually  contain  a  number  of  expensive  and  stnie{it 
elements.  On  the  other  hand,  intermetallic  compounds  between  the  Fe,Al  and  FeAl  composiw 
exhibit  good  oxidation  resistance  and  a  fair  amount  of  sulphidation  resistance  due  to  their  abilitys 
form  a  protective  alumina  coating  at  very  low  oxygen  partial  pressures  [3].  Fe,Al  compounds  tk 
possess  good  strength  at  moderate  temperatures,  show  around  2  to  5%  ductility  at  room  tempertoa, 
have  lower  densities  compared  to  nickel  or  cobalt  based  alloys  and  steels,  and  do  not  depend  a 
expensive  and  strategic  elements.  Improvements  in  creep  properties  of  iron  aluminides  along  wti 
an  excellent  combination  of  other  desirable  mechanical  properties  can  also  be  obtained  in  in 
aluminide  based  composites  with  TiB}  dispersoids  [4,3].  Thus,  this  material  offers  extrenal} 
attractive  property  combinations  like  its  more  extensively  studied  counterpart,  the  nickel  aluminkh 
Various  processing  techniques  have  been  utilized  for  the  fabrication  of  iron  aluminide  bud 
intermetallic  compounds.  Conventional  processes  like  casting  and  arc  melting  have  been  utilized! 
fabricate  this  compound.  However,  due  to  the  inherent  problems  associated  with  the  cast* 
approaches,  powder  processing  has  been  extensively  used  [6-9].  Powder  processing  also  pnmda 
the  opportunity  of  fabricating  composites  based  on  an  iron  aluminide  matrix. 

Recent  powder  metallurgy  approaches  for  producing  intermetallic  compounds  and  compose 
based  on  intermetallic  matrices  generally  favor  conventional  techniques,  such  as  hot  pressing,  ba 
isosiauc  pressing,  or  hot  extrusion  of  prealloyed  powders  [  1  -4, 10, 1 1  ].  Although,  the  success  of  that 
approaches  is  clearly  established,  there  are  the  drawbacks  of  long  process  cycles,  high  pnxa 
temperatures  and  considerable  expense.  A  reactive  processing  approach  could  circumvent  da 
problems  by  using  commercial  elemental  powders  and  shorter  process  cycles.  Reactive  suns* 
and  reactive  hot  isostatic  processing  are  novel  processing  methods  which  have  been  success^} 
applied  for  producing  near  full  density  Ni,Al  intermetallic  compounds  [12,13].  It  remains  »k 
determined  whether  reactive  processing  can  be  extended  to  the  fabrication  of  other  intenneolfc 
compounds.  In  general,  reactive  sintering  of  aluminides  involves  a  transient  liquid  phase  thus 
formed  when  the  aluminum  melts  [14],  The  initial  compact  is  composed  of  mixed  elemental  powda 
which  are  heated  to  a  temperature  where  they  react  to  form  the  desired  compound.  Figure  1  sbon 
a  schematic  binary  phase  diagram  for  a  reactive  sintering  system,  where  a  stoichiometric  mixaued 
A  and  B  powders  is  used  to  form  an  intermediate  compound  product  AB  [  15].  The  reaction  ocas 
above  the  lowest  eutectic  temperature  in  the  system,  yet  at  a  temperature  where  the  desired  compouti 
is  still  solid.  Heat  is  liberated  due  to  the  thermodynamic  stability  of  the  high  melting  tetnpenut 
compound.  Consequently,  reactive  sintering  can  be  nearly  spontaneous  once  the  liquid  fan* 
provided  the  heat  liberated  is  sufficient  to  drive  the  reaction.  The  formation  of  molten  alumna 
provides  a  capillary  force  on  the  structure  which  can  lead  to  rapid  densification  [14],  The  resent 
sintering  process  as  envisioned  for  the  present  research  on  iron  aluminide  is  similar  to  that  nti 
previously  to  produce  high  density  nickel  aluminides  [16].  The  phase  diagram  of  a  binary  Ni4 
system  is  shown  in  Figure  2  [17,18].  Some  of  the  similarities  between  the  schematic  binary  pin 
diagram  (Figure  1)  and  the  Ni-Al  phase  diagram  are  quite  obvious.  Concerns  about  the  applicabibf 
of  the  technique  to  the  iron  aluminides  exist,  however,  due  to  the  lower  adiabatic  temperature  riieii 
this  system  and  the  unbalanced  solubility  between  the  iron  and  aluminum.  If  pressureless  leacn 
sintering  of  the  iron  aluminides  does  not  provide  the  desired  level  of  densification  due  to  the  concas 
described  above,  the  chances  of  success  in  pressure  assisted  reactive  sintering  is  extremely  high.  Tfc 
paper  describes  the  preliminary  results  of  investigations  on  reactive  sintering  and  reactive  hot  isonk 
pressing  of  iron  aluminides. 
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EXPERIMENTS  AND  RESULTS 

Experimental  Approach 


The  essential  approach  was  to  mix  and  compact  elemental  powders  (inexpensive  and  easy  a 
compact)  and  heat  the  mixture  to  a  temperature  at  which  the  exothermic  reaction  occurred.  Due  a 
the  low  exotherm  of  the  iron-aluminum  mixture,  it  wu  felt  that  simultaneous  application  of  prana 
would  be  necessary  during  the  reaction  to  obtain  complete  densification.  However,  to  assess  it 
optimal  powder  combination,  screening  experiments  bared  on  press  unless  reactive  sintering  of  mod 
elemental  powders  were  designed.  The  matrix  of  there  screening  experiments  as  designed  to  asm 
the  influence  of  iron  particle  size,  aluminum  particle  size,  green  density,  degassing  time,  at 
maximum  temperature  on  the  degree  of  reaction,  density,  and  structural  integrity  of  the  system.  Frcn 
these  experiments,  an  optimal  combination  of  iron  and  aluminum  particle  sizes  was  selected  to 
subsequent  evaluation  of  composition  and  re active  hot  isostatic  pressing  variables.  Sanpb 
characterization  included  shape  retendon,  density,  microstructure,  and  X-ray  diffraction.  Reactm 
hot  isostadcally  pressed  samples  that  exhibited  good  sintered  densities  were  tested  in  tension  (widm 
the  customary  ordering  treatment)  at  ambient  temperature. 

Screening  Tests 

Three  different  types  of  iron  powders  and  three  aluminum  powders  of  different  particle  sic 
and  shape  were  selected  for  the  initial  experiments.  The  characteristics  of  all  powders  usediatto 
research  are  presented  in  Table  1. 

Initially  the  powders  were  mixed  ina3:l  atomic  stoichiometry  of  iron  to  aluminum  in  a  tnrWt 
mixer  for  30  minutes.  From  these  mixtures,  3g  samples  were  die  pressed  in  a  12.6  mm  cylindriti' 
die  using  zinc  stearate  as  a  die  wall  lubricant  Sixteen  samples  were  prepared  from  each  powdr 
mixture,  eight  with  a  low  green  density  and  eight  with  a  high  green  density.  The  variations  in  gras 
density  were  achieved  by  variation  of  compacting  pressure.  The  following  code  has  been  useda 
identify  the  powders: 


G:  GAF  iron  powder 
S:  Spheromet  iron  powder 
A:  Atomet  iron  powder 
3, 10, 30:  H-3,  H-10,  H-30  aluminum  powder 

Thus,  a  sample  designated  as  "S3”  is  one  which  was  prepared  from  a  mixture  of  Spheromet  60  ini 
powder  with  H-3  aluminum  powder.  Tire  characteristics  of  the  die-pressed  green  samples  used  fa 
screening  tests  have  been  outlined  in  Table  2. 

Two  samples  of  each  type  were  taken  for  each  sintering  ran.  Two  different  nnttraj 
temperatures  together  with  two  different  degassing  times  were  used.  The  sintering  and  degraai 
parameters  are  presented  in  Table  3.  The  GAF  powder  mixtures  could  not  be  die  pressed  oread 
isostadcally  pressed  fOP'edi  without  severe  dnlaminarinn.  GAF  iron  powder  mixed  with  H-3,  H-H 
and  H-30  aluminum  powder  was,  thus,  reactively  sintered  only  under  schedule  «1  (shown  in  Trill 
3)  by  spreading  the  powder  mixture  as  a  thin  layer  on  top  of  a  ceramic  boat  The  resultant  staph, 

wu  very  porous,  but  had  sufficient  strength  to  prevent  crumbling  and  easy  milling.  The  GAF  powto 

was,  therefore,  excluded  from  subsequent  experiments.  Reactive  sintering  of  the  remaining  naphi 
(S3,  S10,  S30,  A3,  A10  and  A30)  wu  carried  out  in  accordance  with  the  sintering  and  degMM| 
parameters  described  in  Table  3. 
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Table  1.  Characteristics  of  all  powders  used  in  this  investigation. 

Property  *  Iron  Aluminum 

Vendor  OAF  Corp.  Quebec  Metal  Powders  Valimet 

Grade  C1P-S-2000  Atomet95  Spheromet  60  H-3  H-10  H-30 

Fabrication  Carbonyl  Water  Gas  Gas  Atomized 

Method  Atomized  Atomized 

Average  Particle  Size  4pm _ 15  pm _ 67pm _ 3pm  10pm  30pm 


Table  2.  Characteristics  of  the  die-pressed  green  samples  used  for  the  screening  tests. 


Lower  Green  Density 

Higher  Green  Density  f 

Sample 

Code 

Height 

(mm) 

Density 

(%) 

Compact. 

Pressure 

(MPa) 

Height 

(mm) 

Density 

(%) 

Compact 

Pressure 

(MPa) 

S3 

8.1 

69 

77.4 

12 

78 

211.1 

S10 

8.3 

67 

77.4 

7.7 

73 

123.2 

S  30 

8.2 

68 

103.6 

7.3 

77 

211.1 

A3 

8.6 

63 

140.8 

15 

75 

330.7 

A 10 

8.8 

64 

211.1 

7.7 

73 

422.2 

A30 

8.8 

64 

211.1 

8.0 

70 

422.2 

Table  3.  Sintering  and  degassing  parameters  used  for  the  screening  experiments. 
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Final  density  was  evaluated  only  for  the  samples  which  showed  the  best  shape  integrity  sfe 
the  sintering  process.  A  decrease  in  density,  which  is  effectively  a  demonstration  of  the  extra 
Kirkendall  effect  associated  with  the  unbalanced  Fe-Al  solubility,  was  characteristic  of  all  of  de 
reactive  sintering  experiments.  The  microstructures  of  the  low  green  density  samples  reactive  swtoa 
under  the  conditions  shown  in  Table  3  were  examined;  enabling  the  study  of  the  influence  of  degassni 
and  sintering  parameters  on  microstructure.  Two  representative  photomicrographs  whiti 
demonstrate  the  effect  of  reactive  sintering  temperature  are  shown  in  Figures  3a  and  3b.  Figuteli 
shows  the  microstructure  of  sample  A 10  reactive  sintered  at  800*C  for  20  minutes  (See  Table  3,  Ra 
#2).  Figure  3b  shows  the  microstructure  of  sample  A10  re  actively  sintered  at  1200’C  for  20  nunun 
(See  Table  3,  Run  #4).  Both  the  samples  were  degassed  at  500*C  for  2  hours  before  being  heatedi 
the  sintering  temperature  at  30  K/min. 

The  final  sintered  products  were  characterized  using  conventional  X-ray  diffraction  techniqu 
The  26  diffraction  angle  was  examined  over  the  range  of  25  to  100*.  A  constant  scanning  rated 
1.2 ’/minute  forCuK^-radiation  (X* 0.1542  nm)  was  used.  The  full  scale  intensity  was  lOOOcoua 
per  second  (cps).  X-Ray  analysis  of  two  samples  produced  from  powder  mix  A 10  and  reaam 
sintered  at  800  and  1200*C  provided  insight  into  the  compound  formation  ability  of  reactive  sinten 
mixed  elemental  iron  and  aluminum  powders.  The  X-ray  peaks  of  the  sample  reactive  simatdi 
1200*C  showed  good  correlation  with  the  FeAl  intermetallic  compound  and  no  evidence  of  a 
second  phase.  Thus,  complete  compound  formation  did  occur  during  the  pressureless  reactn 
sintering  process.  On  the  other  hand,  the  X-Ray  analysis  of  the  sample  reactively  sintered  at  SOOT 
showed  evidence  of  some  amount  of  unreacted  iron  indicating  that  the  reaction  had  not  proceeds 
to  completion.  One  may  conclude  from  these  results  that  a  high  reactive  sintering  temperatuei 
necessary  in  order  to  take  the  reaction  to  completion. 

i 

The  screening  experiments  with  various  iron  and  aluminum  particle  sizes  demonstrated  sum 
in  generating  the  desired  intermetallic  compounds.  The  most  dense  and  homogeneous  struct* 
were  achieved  in  run  #4  shown  in  Table  3.  It  was  determined  that  the  best  reactivity  and  strncod 
rigidity  were  attained  using  Atomet  95  iron  powder  (Quebec  Metal  Powders,  mean  size  of  li 
micrometers)  and  H-10  aluminum  powder  (Valimet,  10  micrometers  mean  size).  However,  all  4 
the  samples  were  very  porous  and  definitely  unsuitable  for  use  as  structural  components.  Gtta 
density  had  a  small  relative  effect  on  the  densification  for  this  system,  and  the  use  of  a  maxim 
reaction  temperature  of  1200*C  aided  densification  and  compact  integrity.  The  degassing  timed 
not  have  a  large  influence  on  final  density,  but  generally  longer  times  were  beneficial.  To  impma 
the  sintered  density,  it  was  deemed  necessary  to  apply  pressure  during  the  reaction  or  increased 
aluminum  content  of  the  system  so  as  to  increase  the  exotherm  and  provide  more  liquid  tod 
densification.  Consequently,  pressureless  reactive  sintering  of  iron  aluminides  with  increasing  leek 
of  aluminum  content  was  conducted  using  the  cycle  described  in  Run  #4  of  Table  3.  j 

Varied  Composition  Fe:Al  Reactive  Sintering 

Reactive  sintering  experiments  were  run  for  the  following  Fe:Al  atomic  ratios;  75:25. 701 
60:40  and  50:30.  Atomet  95  iron  powder  and  Valimet  H-10  aluminum  powder  were  mixed  iai 
turbula  mixer  for  30  minutes.  A  compact  of  4g  weight  was  die  pressed  in  a  12.6  mm  cylindrical# 
under  a  pressure  of  172 3  MPa.  Zinc  stearate  was  used  as  a  die  wall  lubricant  Sample  chanctenad 
in  the  green  state  are  shown  in  Table  4. 

The  die  pressed  green  samples  were  reactive  sintered  under  the  conditions  described  mb 
#4  of  Table  3.  The  sintered  characteristics  are  shown  in  Table  5.  The  50Fe:50Al  coospoa 
exhibited  the  highest  sintered  density  at  59%  of  theoretical.  However,  the  50Fe:50Al  sample  # 
had  a  higher  green  density  (Table  4)  to  start  with.  Each  of  the  compacts  decreased  in  density.# 
none  the  less,  exhibited  good  structural  integrity.  The  microstructure  of  the  60Fe-40Al  press*# 
reactive  sintered  sample  is  shown  in  Figure  4.  It  is  apparent  from  these  results  that  presnm# 
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pt3b.  Mknwtructure  of  7JF«25AI  aampie  (A10)  after  prtMurdtn  reactive  atetering  for 
intts  at  1200*C  (Tabl«  3,  Run  #4). 


T able  4.  Characteristics  of  the  die* pressed  green  samples  with  varying  Fe:Al  ratio. 


... 

Figure  4.  Mkroatnicture  of  60Fe:40AJ  sample  (A10),  after  preasardeM  reactive  sintering  Is 
20  minutes  at  1200*C  (Table  3,  Run  «4). 
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ante  sintering  with  aluminum  contents  up  to  50  atomic  %  still  did  not  result  in  the  desired  high 
tasty  samples.  Thus,  to  attain  high  densities,  reactive  hot  isostatic  pressing  experiments  were 
taped  for  samples  with  aluminum  contents,  varying  from  25  to  50  atomic  percent 

Itrrive  Hot  Isostatic  Pressing  (RHIPi 

The  reactive  hot  isostadc  compaction  experiments  were  conducted  using  a  hybrid  of  the  most 
ncccssful  reactive  sintering  cycle  with  the  A10  powder  mixture.  These  experiments  consisted  of 
taisostadc  compaction  of  four  different  compositions  of  the  Fe:Al  powder  mixture  (25, 30, 40  and 
Baomic  percent  aluminum)  followed  by  hot  isostadc  compaction.  The  powder  mixtures  were  cold 
muncally  pressed  at  310  MPa  in  the  form  of  cylindrical  rods  with  densities  varying  from  53  to 
n  of  theoretical.  Each  of  the  QP'ed  samples  were  placed  in  one  end  sealed  stainless  steel  cans, 
famed  at  500’ C  under  vacuum  for  12  hours  and  sealed  in  vacuum.  These  samples  were  then 
active  hot  isostatically  pressed  at  a  temperature  of  1 200*C  under  a  pressure  of  172  MPa.  The 
tadule  for  reactive  hot  isostatic  pressing  is  shown  in  Table  6.  These  conditions  were  applied  to 
te  powder  mixtures  of  all  four  compositions. 

The  density  after  reactive  hot  isostatic  compaction  was  measured  as  approximately  90%  of 
taoretical  for  the  25. 30,  and  40  at.%  At  mixtures.  For  the  50  at.%  A 1  composition,  corresponding 
•fcAl,  the  measured  density  after  reactive  hot  isostatic  compaction  was  104%  of  theoretical.  This 
■sully  high  density  indicates  a  possible  loss  of  aluminum,  probably  through  reaction  with  the 
(■less  steel  container.  The  50  at.%  A1  specimen,  when  examined  using  optical  metallography, 
tabued  a  fairly  homogeneous  structure  and  no  evidence  of  porosity.  Photomicrographs  of  the 
UP  samples  with  25  at.%  aluminum  and  50  at.%  aluminum  are  shown  in  Figures  Sa  and  5b, 
npectiveiy.  The  Fe-25A 1  sample  exhibited  fine  porosity  which  was  distributed  throughout  the 
rent.  X-Ray  diffraction  analysis  was  also  carried  out  on  the  RHIP  samples.  These  samples  exhibited 
pis  which  corresponded  to  the  peaks  of  a  stoichiometric  FeAl  intermetallic  compound  and  no  iron 
i damnum  peaks  were  detected  The  reaction  was  thus  deemed  to  be  essentially  complete. 

tetanical  Properties 

Two  RHIP  samples  were  selected  for  tensile  property  evaluation.  One  of  the  RHIP  samples 
amponOed  to  the  Fe^Al  composition,  while  the  other  was  an  FeAl  (5&50  atomic  percent)  material, 
fata  ban  were  machined  from  the  HIP  cuts.  The  sample  with  the  FeAl  composition  broke  before 
not.  suggesting  the  extreme  brittleness  of  the  material  The  Fe-25A1  sample  which  corresponded 
afcftjAl  composition  (the  ordering  treatment  was  not  performed  and  the  sample  X-Ray  peaks 
■dad  with  the  FeAl  compound)  was  tested  to  failure  under  tension  using  a  strain  rate  of  10-3  s'1, 
barcss-strain  curve  for  the  sample  is  shown  in  Figure  6.  The  compound  had  a  yield  strength  of 
BMPs  (123.55  kst)  and  an  ultimate  tensile  strength  of 979  MPa  (142.11  ksi).  The  strain  to  failure 
•17%.  It  should  be  pointed  out  that  these  results  were  obtained  for  a  sample  which  was  not  fully 
fan.  Thus,  still  better  properties  could  be  expected  when  the  samples  are  fully  densified  by  the 
pper  reactive  hot  isostadc  pressing  conditions. 

The  sintered  hardness  was  measured  on  selected  samples  and  the  ones  of  interest  are  given 


75  Fe:  25  Al,  RHIP:  36.8  +/-  0.6  HRC 
70  Fe:  30  Al,  RHIP:  35.8  */■  0.7  HRC 
50  Fe:  50  Al,  RHIP:  48.9  +/-  4.0  HRC 
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Figure  5a.  Microstructure  of  75Fe:25 Al  sample,  reactive  hot  bostaticaliy  pressed  at  120IX 
172  MPa  for  1  hour. 


Figure  5b.  Mkrostructure  of  50Fe:50AI  ample,  reactive  hot  bostaticaliy  pressed  at  12NX 
172  MPa  for  1  hour. 
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Table  6.  Reactive  hot  isostatic  pressing  schedule. 


Operation 

Measurement 

Time 

Pressing 

13.8-.MPa 

2  min. 

Heating 

1200*C 

33  min. 

Pressing 

172  MPa 

30  min. 

Holding 

Temp.  &  Pressure 

1200*C 

172  MPa 

60  min. 

Depressurising  & 
Cooling 

6.9  MPa 

300*C 

60  min. 

Strain,  % 


mm  6.  Engineering  stress-strain  curve  for  reactive  hot  isostatically  pressed  FejAl 
■wnetsllic  compound,  tested  in  tension. 
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DISCUSSION 


Reactive  synthesis  by  sintering  or  hot  isostatic  compaction  has  been  applied  successfully 
the  nickel-aluminum  system.  On  the  basis  of  this  success,  it  was  considered  possible  that  (noth 
important  system,  namely  the  iron-aluminum  system,  could  also  be  processed  by  reactive  synthes 
from  elemental  powders.  The  binary  Fe-Al  phase  diagram  is  shown  in  Figure  7  [19].  Togainasea 
of  the  potential  for  reactive  sintering  of  the  iron  aluminides,  thermodynamic  data  were  gathered!: 
the  Fe-Ai  binary  system  [20]. 

Over  the  temperature  range  from  300  to  800*C,  the  heat  capacity  of  iron  aluminide  varies  wi 
the  test  temperature  .id  alloy  composition.  At  one  atmosphere  pressure,  the  low  value  is  near  2 
J/mol/K  and  the  high  value  is  near  34  J/mol/K,  with  a  general  increase  in  heat  capacity  with  increasai 
iron  content  and  test  temperature.  For  this  analysis  a  mean  value  of  43  J/mol/K  is  acceptable  fa 
determining  the  potential  adiabatic  heating. 

The  enthalpy  associated  with  alloying  has  been  determined  for  Fe-Al  alloys.  For  a  refcteaa 
temperature  of  298  K.  the  enthalpy  depends  on  the  alloy  composition  as  follows: 

composition,  at.%  Fe  enthalpy.  J/mol 

23  -27.900 

34  -26,200 

50  -23,100 

60  -20.000 

70  -15.700 

80  -11,000 

90  -5.800 

The  enthalpy  increases  with  temperature  approaching  twice  these  values  by  1873  K.  At  Ail 
FejAl  composition,  the  melting  temperature  is  approximately  1773  K,  while  the  first  eutectic  iafc 
system  is  located  at  0.9  at.%  Fe  and  925  K,  see  Figure  7.  Using  the  mean  heat  capacity  andentbalg 
of  reaction  with  the  assumption  that  the  reaction  begins  at  the  first  eutectic  gives  the  self-bom 
under  adiabatic  (ideal)  conditions  as  roughly  300  K.  With  an  initiation  temperature  of  923  K.  hi 
results  in  a  maximum  seif-heating  to  1223  K  Since  the  first  intermetallic  to  form  is  Al,Fe  wihi 
melting  temperature  of  1430  K,  this  heating  will  be  insufficient  to  cause  melting.  Consequent* 
only  transient  liquid  events  are  possible.  Due  to  the  large  solubility  gradient,  the  transient  liqari 
results  in  pore  generation  at  the  prior  aluminum  particle  sites,  with  surrounding  Al*Fe  company 
and  major  compositional  gradients.  I 

On  this  basis,  supplemental  heating  is  needed  to  cause  sintering  of  the  structure  (sun  k 
luitbatic  temperature  rise  is  insufficient  to  sustain  the  reaction).  The  poor  solubility  behavior  (ref 
large  aluminum  solubility  in  iron  and  negligible  solubility  of  iron  in  aluminum)  results  in  compos* 
formation  that  stabilizes  the  transient  Kirkendall  pores.  In  this  study,  sintering  temperatures  qt 
1200*C  were  selected  to  melt  the  imermetallics  and  allow  formation  of  the  desired  Fe,  M  compos* 
The  results  show  that  compound  formatioa  is  incomplete  when  reactive  sintering  is  carried  Ml 
800’C,  while  increasing  the  temperature  to  1200*C  results  in  the  total  consumption  of  all  the  sunq 
elemental  powders  to  form  the  reacted  compound. 

By  contrast,  the  FeAl  compound  has  a  self-heating  potential  closer  to  550  K.  Thu*,ammq 
an  initiation  temperature  of  923  K,  under  ideal  conditions  die  reaction  is  able  to  self-heat  to  14731 
This  should  be  just  sufficient  to  melt 
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the  FeAl  or  higher  iron  content  compositions  which  require  temperatures  of  1488  K  or  higher.  Mi 
rapid  heating  or  hot  compaction  may  provide  opportunities  for  further  densiflcaboo  id 
homogenization. 

In  the  nickel-aluminum  system,  the  exothermic  heat  is  sufficient  for  significant  densificma 
However,  in  the  iron-aluminum  system  the  heat  of  reaction  is  relatively  small  and  more  exM 
heating  is  needed  to  sustain  the  compound  formation  reaction.  So,  even  though  the  iron-aluana 
system  contains  exothermic  compounds  and  a  low  melting  temperature  liquid  (aluminum)  that  alba 
transient  liquid  phase  sintering,  the  low  exotherm  of  the  system  does  not  sustain  the  reaction 
densification.  Further,  the  solubility  of  iron  in  molten  aluminum  is  relatively  low.  Asaconsequeai 
of  an  unbalanced  solubility  ratio  (solubility  of  iron  in  aluminum  is  much  lower  than  the  solubility^ 
aluminum  in  iron),  Kirkendall  pores  are  generated  during  interdiffusion.  The  pores  form  at  pea 
aluminum  particle  sites  and  become  stabilized  by  the  high  melting  (low  diffusion)  sunouah| 
intermetailic  compounds.  The  application  of  an  external  stress  via  hot  isostatic  compaction  is« 
means  of  offsetting  the  poor  densification  of  this  system. 


Generally  the  most  desirable  situations  for  reactive  sintering  have  temperature  increases  4 
1500  K,  roughly  corresponding  to  H/C  >  1500,  where  H  is  the  reaction  enthalpy  and  C  is  tbeka 
capacity.  It  is  obvious  that  the  iron  aluminides  do  not  fulfil  this  requirement  On  the  other  hand,  it 
requirement  is  satisfied  by  the  nickel-aluminides.  Based  on  this  it  would  be  expected  that  pressuieks 
reactive  sintering  of  iron  aluminides  would  not  be  successful  However,  simultaneous  applicant 
of  pressure  could  produce  the  desired  densification  along  with  compound  formation.  This  < 
is  well  substantiated  by  the  present  investigation. 

The  RHIP  sample  of  Fe,Al  composition  showed  excellent  mechanical  properties  even  t 
the  sample  had  around  9%  porosity  (91%  dense).  The  properties  obtained,  especially  the  j 
strength,  are  higher  than  those  reported  in  the  literature  [3].  Several  factors  could  be  responsible! 
the  increased  strength.  The  absence  of  the  standard  heat  treatment  of  1  hour  at  850’C  | 
recrystallization)  plus  a  seven  day  hold  at  500*  C  (for  D03  ordering)  could  be  responsible  i 
influencing  the  mechanical  properties.  The  compound  formed  shows  X-Ray  peaks  that  match  i 
the  FeAl  compound  instead  of  the  Fe,Al  compound  which  would  definitely  require  the  ordeaq; 
treatment.  Small  amounts  of  an  alumina  dispersion  in  the  matrix  could  also  be  responsible  foripl 
of  the  increased  strength.  It  is  likely  that  the  mechanical  properties  of  the  material  can  be  funU 
improved  by  increasing  the  density  of  the  compound.  This  can  be  achieved  by  proper  mampulaoJ 
of  the  reactive  hot  isostatic  pressing  parameters.  J 

CONCLUSIONS  ! 


1.  Full  density  for  iron  aluminides  is  attained  with  a  high  aluminum  content  (50  atomic  pars 
aluminum)  when  processed  by  reactive  hot  isostatic  compaction.  It  would  also  be  possibles 
attain  full  density  on  compositions  with  lower  aluminum  content  by  increasing  the 
temperature. 

2.  Reactive  sintering  without  simultaneous  pressurization  fails  to  give  full  densification 
iron-aluminum  system,  due  to  a  low  enthalpy  of  compound  formation  and  the  unhalna 
iron-aluminum  solubility  ratio. 

3.  The  RHIP’ed  iron  aluminide  with  23%  aluminum  content  showed  good  mechanical  propria 
compared  to  those  reported  in  the  literature,  though  the  material  was  only  91%  dense.  Impraq 
the  density  by  proper  selection  of  the  RHIP  conditions  could  further  improve  the  medang 
properties  of  the  iron  aluminides. 

4.  The  results  of  this  study  successfully  demonstrate  the  feasibility  of  processing  iron  alumni 
by  a  reactive  processing  approach. 
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18  HIGH  TEMPERATURE  INTERMETALUC 
ALLOYS  AND  INTERMETALUC  MATRIX 
COMPOSITES  BY  POWDER  PROCESSING 

R.  M.  German,  A.  Bose,  D.  Alman,  J.  Murray,  P.  Korlnko, 
R.  Oddone  and  N.  S.  Stoloff 

MM*  Enfimnmz  1mm*m  MyttJUe  Mam  1%,  Nnrfert  I2MUSWU&I 


Aluminidc  mtenneiaUic  compounds  are  the  tans  for  high  performance,  high  temperature  mimriali  of  dm  Bmml  Hit 
presentation  coven  the  use  of  reactive  powder  processing  techniques  invotvingauansieat  liquid  phaae  for  dm  tansliSB 
of  mwrlHHr  alumlnida  imet  metal  lies  and  intennetallic*niairix  cmpoduL  A  **Tflrt**f  dndopnw  hat  beau  la 
fabrication  of  homogeneous,  high  density  compacts  front  tfcnwil  powdtn  by  reactive  sintering-  A  udM  pana 


coinpoui»uwproveaiixiamioconsoi»aftaeDypressuftje»  reocuve  smertAg.  lup^wooKniMiuraiiQNii 

pswGWBUlK  iKUia  qq  HufHjmon  al  OCQ9B  HURlUiluCo  *elul  pfnMn  ChKIhIBO  QQ  K6SUKR  OB  BIO  IBHIEBBOB  01 

several  other  aluminide  compounds  will  be  discussed,  including  NtAI.TlAl.TaAl,,  and  NbAlrCeneatieMmcb  is  on 

for  high  uunperain*  rrwtposiies  A  hey  concern  Is  with  processing  sflbctt  on 


INTRODUCTION 

Imarmctallic  compounds  have  emerged  as  the  needed  next  generation  of  high  tcrepentnre.  oxidation  fcahasntntmeriah 
for  aerospace  and  turbine  epplir.aih)ne.Arecentsarge  ><  research  on  intcnnetaHicshaeafcan  place  ns  dreeantnics  have 
Oiled  to  live  up  10  their  promise  and  superafloys  have  apparently  been  exhausted  (1.2J.  The  alnaaiHidi  fcnanaeudfc 
compounds  have  the  attractive  characteristics  of  low  density,  high  strength,  good  conosion  andoxldeiioe  retitmece, 
nonumsak  etaoMuts.  and  relatively  low  cosl  In  some  cases  these  intenaetallics  exhibit  die  untane  chancsariadc  of 
fayio^adterw^ite  wiihlnciBMlBt  iMBpaiittifB*  Coopted  with  feted  *€lyh%liiiicMBjiwipciBiurat»teMiBBHbBteaBMfci 
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BACKGROUND 

Initial  research  focused  on  the  processing  of  full  density  Ni,AL  Subsequent  efforts  shifted  to  incorporation  of  whiskers 
inanickelaluminidc  matrix  {5-9].  Because  processing  difficultice  are  expected  from  thermal  expansion  mismatches  and 
interfaciai  interactions,  every  effort  is  being  made  to  keep  processing  temperatures  low  in  this  early  research.  Further, 

injection  molding  has  been  applied  10  auain  the  desired  whisker  dispersion  and  orientation  in  the  matrix  white  forma* 

complex  shapes.  Final  densificatioo  for  thcac  composites  is  by  a  new  proceae  termed  reactive  hot  iaomattc  compaction 
Within  this  framework,  the  research  has  emphasised  reactive  sintering  as  one  process  ter  forming  seven!  alumimdes.  In 

general,  reactive  suuenni  involves  a  transient  liquid  phase  ( 10].  The  initial  compact  iscomposed  of  mixed  powders  which 

ate  heated  to  a  temperature  where  they  react  to  form  a  compound  product  Often  the  reaction  occurs  on  the  formation  of 
a  first  liquid,  typical  a  eutectic  liquid  at  the  interface  between  contacting  particles.  Figure  I  shows  a  schematic  binary 
phase  diagram  foe  a  reactive  sintering  system,  where  a  stoichiometric  mixture  of  A  and  B  powders  is  need  to  form  an 
intermediate  rampmmrf  product  ab  ai  the  tftwew  MueM  if  tempetamre  a  transient  liquid  th»«mgh  »tw. 

compact  during  heating.  Heat  is  liberated  because  of  the  thermodynamic  stability  of  the  Ugh  meta*  . 

compound.  Consequently,  reactive  sintering  is  nenriy  spontaneous  once  the  liquid  forms.  By  appropriate  selection  of 

lemperwum,  partirlp  «i»  pw  /V««»y  mui  frtmpwkin*  tho  IWy.Wt  ihmytimW  ihCI  fflmpwn 

and  persists  for  only  a  few  seconds  I  ilrr  ntfirrmniirm  liQiiirl  pfiutn  imuring  >i  nmfraiilii  linmirl  pm » irh  t  si  *iilliij 
ftrrrrmilrrrininiiTTiin-tirrhtri(htni1rntifirMirintin  11]  Hrnrnimr  ifthnnhSiilitiniwr  minimi  til  fillni  mim  ■ 
due  to  the  formation  of  Kirlcendall  porosity. 


"iff1!!  iltr  firming  mill  nntn  intrrrliffiiiinn  ran  gi  mime  Imnmiif  llh  phasns  -  •*“  I-‘— t — r  Tr^-rrpf"""^ 

(he  subsequent  reaction  when  the  liquid  farms:  thus,  reactive  sintering  is  sensitive  to  processing  parameters  such  as 
heating  rates,  interfaciai  qualKy.gtecndeneity, and  perticiesiie.  Because  of  the  rapid  sprawling  and  reaction  of  the  liquid, 
pom  formation  at  prior  particle  sites  is  common,  espaciafly  in  sysKms  with  large  aluminum  panicle  sizes  and  large 
exotherms.  Futthetmore.  dimensional  control  proves  dUficull  if  an  excess  of  liquid  is  formed.  Because  of  such  problems, 
the  application  of  reactive  sintering  has  been  limited.  However,  as  demoosumed  hero,  the  potential  far  reactive  sintering 
is  large  sod  it  is  well  suited  to  forming  denre  ttuennetaHic  compound  ametutes. 


Figure2shows  the  aluminum-nideel  binary  phase  diagram.  The  system  is  cheracteriaed  by  five  imermetallic  compounds, 
with  initial  interest  in  this  study  on  Ni3Al.  For  this  system,  reactive  sintering  treatments  near  the  lowest  eutectic 
icmperatute  would  be  most  appropriate  (apperaitiieiely640*C).  Figure  3  isa  lefirim stir  diagram  of  the  reactive  siniering 
process.  Nickel  and  a!  eninum  powders  are  randomly  mixed  in  a  taokhiomaoic  ratio.  The  powders  have  small  panicle 
sites  to  aid  intermixing  and  are  compressed  to  creme  good  pertide-panide  contact  Putiru  heating  to  the  first  eutectic 
temperature,  solid  state  iaterdifrusiaa  generates  howmemiic  coeapound  phases  and  some  self  heating.  At  the  firm 
eutectic  temperature,  liquid  forms  and  rapidly  spreads  throughout  the  souctum.  The  liquid  consumes  the  elemental 
powdcti  and  forms  a  precipitated  NI,A1  solid  behind  tee  advancing  liquid  interface.  Intsediffiieionofnichel  and  aluminum 
is  quits  rapid  in  the  liquid  phase  sad  the  coaapoued  gaaoraaee  heat  which  farther  accatames  the  reaction.  If  the  reaction 
is  controlled,  then  the  compound  wii  be  needy  fully  dsnsified  and  suitable  far  rontejneriese  hot  imaiaiir  romper  lion  to 
full  density. 


The  concept  of  reecdvs  sintering  has  bean  applied  to  several  compamds  in  dm  past(14-W]  and  has  been  adapted  to  term 
NiAl,Ni)Al,TsAlt,NbAll.  and  T1A1  in  this  raeaatch.  In  one  variant,  compound  termatioa  and  densiAcation  an  achieved 

Variations  on  this  basic  scheme  involvo  hot  pressing  and  pressure  assisted  sintering.  Stoichiometry  comrol  is  important 
and  is  often  achieved  using  an  excess  of  tee  more  volatile  iapedieat  or  imermodiMs  chemical  teaching  to  tsaeovn 
anrancted  constituents.  The  currant  reactive  nets  ring  approach  rimau  venu  these  problemi  by  using  ramresretal 
(i&’&  gate!  powders,  low  oracestiaa  mmnewtutea  start  nmcam  evelae  with  a  etata  nmea  ta  ahuar  u&dhardam 

■nv^rovm^nvui  Otaris  |Uvrire^n  wlw^m  wrere  w  wtmn^ro  |rivNm  ^Ma  gl^nH  Sourerei^nM^r 


KXFCftUICNTAL 

the  riMering  research  presented  here  emphasixas  formation  and  densificaiioa  of  NijAl  when  than  is  a  large  body  of 
kaowledga  [5-101.  Parallel  efforts  on  dte  other  compounds  will  he  summnriaed  to  ilhmrsts  the  possible  adaptations  of 
thsN^Al  techniques  to  other  ahaninidsa.  The  main  process  parameters  were  particle  ahtes  of  alchcl  and  aluminum. 
uoichiomciry.  alloying,  milling  time,  groan  density,  maximum  shuariag  temperature.  haath*  ram,  mmosphirt,  and 
duration  of  the  siniaring  treatment.  A  bask  processing  achome  is  oudinad  in  Flpm  4. 
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The  characteristics  of  die  nickel,  niobium,  titanium,  and  aluminum  powden  used  for  reactive  sintering  are  given  inTaMe 
1.  The  aluminum  has  a  minimum  surface  oxide  doe  to  die  helium  atomization  process.  Other  aluminum  panicle  sizes  (3. 
10. 3Q  and  93  miciomeicn)  and  powder  types  were  examined,  bulihe  combination  in  Table  I  proved  most  successful  in 
loaning  the  Ni,Al  compound.  Far  the  other  aluminides,  small  particle  sizes  proved  generally  most  useful. 

As  pan  of  this  research  the  NfcAl  stoichiometry  was  varied  from  84  to  90  wt.%  Ni:  the  Ni,AI  stoichiometry  corresponds 
to  86.7  wl%  Ni.  The  powders  were  mixed  for  30  minutes  in  a  turfoula  mixer.  Various  milling  times  were  also  applied  to 
the  powder  using  a  high  intensity  vibntlory  mill  to  attain  mechanical  alloying.  The  carbonyl  nickel  powder  is  spiky  and 
agglomerated,  giving  clusters  over  20  micrometers  is  size.  The  mixed  powden  were  compacted  using  a  pressure  betwea 
200  to  330  MPa  either  by  uniaxial  die  pressing  or  cold  isostatic  compaction,  giving  typical  green  densities  near  70%  of 
theoretical.  Compact  geometries  included  cylinders,  transverse  rupture  bars,  and  flat  tensile  specimens. 

Sintering  was  performed  in  a  horizontal  laboratory  tube  furnace  capable  of  1500*C  and  several  atmospheres,  including 
vacuum,  dry  argon,  and  dry  hydrogen.  Typically  the  specimens  were  loaded  into  an  alumina  crucible  and  inserted  into 
a  cold  furnace.  For  vacuum  sintering  a  pressure  of  7  x  10*  Pa  was  typical.  Variations  in  degassing,  heating  rate,  maximum 
temperature,  and  hold  time  were  explored  using  either  manual  or  automatic  controls.  The  actual  sample  temperature  wai 
not  measured,  although  pan! lei  differential  thermal  analysis  indicates  considerable  self-healing  during  sintering  with 
temperatures  exceeding  1 300*C.  From  the  reaction  enthalpy  and  heat  capacity  the  maximum  self-healing  is  estimated  at 
1500  K.  Through  several  experiments  it  was  determined  that  temperatures  from  550  to  750  C  for  times  from  10  to  IS 
minutes  gave  nearly  full  density.  Indeed,  higher  temperatures  sometimes  gave  lower  densities,  due  to  swelling  of 
entrapped  gas.  After  sintering,  the  samples  were  furnace  cooled.  Some  material  was  additionally  heat  treated  at  1350*C 
for  one  hour  in  dry  argon  to  further  homogenize  the  mkrostracture. 

Measurements  consisted  of  shrinkage,  densification.  density ,  temperature  rise,  hardness,  bend  strength,  tensile  strength, 
and  tensile  elongation.  Additionally,  fracture  surfaces  were  examined  using  scanning  electron  microscopy.  X-ray 
diffraction  and  transmission  electron  microecopy  were  applied  to  the  samples  for  phase  identification  and  to  determine 
ordering,  and  electron  microprobe  analysis  was  conducted  to  identify  the  phases  and  stmehiometry.  Optical  metaUopa- 
phy  provided  insight  to  the  phases  and  pores  present  during  and  after  reactive  sintering.  Oilatometry  and  differential 
thermal  analysis  were  employed  to  identify  reaction  temperatures  and  assets  the  speed  of  the  reaction.  In  all  cases,  these 
analyses  were  performed  using  standard  procedures  typically  with  computer  interfaced  data  acquisition. 

Powder  injection  molding  provides  a  novel  and  low-cost  process  for  shaping  composites  from  mixtmes  panicles  and 
ceramic  whiskers.  A  schematic  for  the  envisioned  fabrication  process  is  illustrated  in  Figure  5.  In  passing  though  an  (low 
reduction  or  flow  expansion  area,  the  viscous  mixture  of  particles  and  whiskers  will  undergo  flow  orientation  as  sketched 
in  Figure  6.  Under  conditions  of  contraction  Dow.  the  acceleration  of  the  mixture  will  tend  to  orient  the  whiskers  along 
the  flow  direction,  while  an  expanding  flow  will  give  perpendicular  orientation.  As  illustrated  in  Figure  7,  powder 
injection  molding  is  a  natural  route  to  the  fabrication  of  composites,  since  a  wide  range  of  metal-ceramic -polymer 
compositions  are  possible  using  this  technology.  For  the  composites,  various  ceramic  particles,  whiskers,  and  fibers  were 
incorporated  into  the  powder  mixture,  including  YlOi.AI1OrTiBr  and  SiC.  The  composites  included  up  to  30  voLt 
ceramic  phase.  The  panicles  were  directly  mixed  with  the  elemental  panicles.  The  whiskers  were  aligned  in  the  graa 
microstructure  using  powder  injection  molding  techniques  with  various  wax-polymer  binders.  The  fibers  were  manually 
aligned  in  the  green  nucrostrucmre.  Debinding  was  by  wicking  and  thermal  degradation  at  temperatures  below  50Q*C 
19.20]. 


RESULTS 

The  initial  results  win  emphasize  the  fabrication  of  monoiithic  N^Al  since  this  leaches  the  basic  principles  of  tiumiaide 
fabrication  using  a  transient  liquid  phase  (reactive  sintering)  cycle.  Beyond  this  detail  the  processing  routes  for  seven! 
other  «imiii<ii<fa«  md  composites  trill  be  introduced  on  a  selected  baria. 

Mechanical  alloying  resulted  in  agglomeration  of  the  powders.  As  a  consequence  there  was  more  difficulty  m  sustaiahi 
the  reaction  and  attaining  densification.  Consequently,  unmilled  powden  were  used  in  the  balance  of  the  research. 


The  atmosphere  effect  on  sintered  density  is  shown  in  Figure  8,  again  using  the  1 3  micrometers  aluminum  powder.  Wii 
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the  3  K/min  heating  rate  the  samples  sintered  in  argon  and  hydrogen  swelled,  resulting  in  low  sintered  densities.  Ala 
healing  me  of  30  K/min  densification  occurred  in  all  atmospheres,  giving  theoretical  densities  of  97  in  vacuum, 
96.4%  in  hydrogen  and  93.1%  in  argon. 

In  light  of  the  self-heating  during  reaction,  experiments  were  perforated  to  determine  the  maximum  temperature  needed 
for  (falsification.  Figure  9  shows  example  results  for  a  30  K/min  heating  rate  io  various  maximum  temperatures  with  a 
subsequent  13  minute  hold  time  using  three  aluminum  particle  sizes.  Temperatures  below  3S0*C  give  higher  porosities, 
most  likely  because  no  liquid  is  formed.  At  temperatures  in  the  550  to 600*C  range  there  is  good  densifiealioo. With  higher 
temperatures  there  is  a  gradual  swelling  phenomenon.  Thus,  the  optimal  reaction  initiation  temperature  is  relatively  low. 
Note  that  generally  the  3  micrometers  aluminum  powder  gives  less  densificatiao  than  the  30  micrometers  powder.  Indeed, 
the  13  micrometers  aluminum  powder  proved  optimal  as  illustrated  in  Figure  10.  This  figure  further  demonstrates  the 
aluminum  panicle  size  effect  by  showing  the  final  porosity  versus  aluminum  panicle  size  for  compacts  sintered  at 
temperatures  tanging  from  550  to 730*C.  A  panicle  size  near  1 5  micrometers  is  ben,  giving  a  final  porosity  less  than  3%. 

All  of  the  above  results  are  fora3:l  atomic  ratio  of  Ni  to  Al.Experimenu  were  conducted  to  determine  the  effect  of  initial 
noichiomctry  on  the  product  using  10  micrometers  aluminum  powder.  Maximum  temperatures  of 600 and 700*C  were 
employed  along  with  a  13  minute  hold  and  30  KMin  heating  rate  in  vacuum.  Figure  1 1  shows  die  final  poroaity  versus 
nickel  content.  A  dramatic  change  in  behavior  exists  near  the  intermetallic  compound  stoichiometry.  Hie  compacts 
damped  with  the  highest  aluminum  contents;  thus,  the  reactive  sintering  process  qtpeatsbest  suited  to  compositions  doee 
to  the  NijAl  stoichiometry. 

After  reactive  sintering  with  s  transient  liquid  phase,  the  microstructure  shows  a  small  amount  of  porosity  and  usually 
a  major  phase  and  possibly  minor  phases  of  incompletely  reacted  material.  For  stoichiometric  N^Al,  the  grain  size  ate 
sintering  is  approximately  30  micrometers.  The  bulk  hardness  was  32  HRA  and  the  microhardness  was  awaaured  as  264 
Knoop(lOOgload).  which  agrees  favothMy  with  a  value  of 240  measured  onahotiaostatkally  compacted  and  exauded 
pwaHoyed  powder  compact. 

Chemical  analysis  after  sintering  gave  the  composition  as  12.2%  AJ,  87.6%  Ni  (76.8  at.%  Ni).  with  0.02%  Fe,  0.01%  Si. 
482 ppm  O  and 420  ppm  C.  Electron  microprofae  analysis  was  used  io  identify  the  two  phases,  giving  NI3A1  as  the  mqjor 
phase  with  an  aluminum  level  of  243  aL%.  The  minor  phase  had  an  aluminum  content  of  34  J  at.%,  approximately 
conesponding  to  the  Ni,Al,  compound.  Since  the  NijAl,  compound  is  unstable  at  temperatures  over  approximately 
740*C,  the  reactive  sintered  material  was  annealed  at  1 3XTC  for  one  hour  to  attain  homogenization.  Mkroprobe  scans 
confirmed  the  composition  was  uniform  throughout  the  sample  after  annealing.  Transmission  electron  microacopy 
mhstsntiaied  that  the  product  was  ordered  NiyAL 

Differential  thermal  analysis  and  dilatometry  isolated  the  character  of  the  reactive  sintering  process.  Figure  12  shows 
(Wsinmrtrrand  differential  thermal  analysis  scans  perforated  on  stoichiontetric  green  powdercompncm.  Intheunreacied 
powder  a  large  exotherm  was  evident  at  approximately  COCK,  demonstrating  the  onset  of  reactive  sheering.  This  is 
slightly  higher  than  the  temperature  of  55CTC  which  gave  good  sintering.  In  the  reacted  sample,  only  an  eadotherm  is 
evident  when  the  aatnpte  melts,  indicating  total  consumption  of  the  ingredients  in  the  reactive  sintering  process.  The  firm 
emecric  temperature  in  dm  aluminum-nickel  sysmat  is  at  640*C  and  aluminum  mehs  at 660*Cthus,  the  exotherm  ocean 
prior  to  liquid  formation  and  the compact  undergoes  seifheating,  leading  to  rapid  liquid  formation.  The  dibttmeaty  results 
correlated  with  the  differential  thermal  analysis,  indicating  the  reaction  begins  below  approximately 600*C.  Furthermore, 
under  optimal  conditions  the  duration  of  the  reaction  appears  to  be  approximately  two  t—*"*****  Conaatpiendy.  studies 
involving  time  at  the  maximum  temperature  were  not  useful 

At  a  variant,  elemental  powders  were  mixed,  cold  isoatatkaHy  compacted,  evacuated,  and  heated  under  pressure  using 
a  hat  isoetatic  press.  This  process  is  termed  reactive  hot  iaoawiic  pressing  (RHIP).  Using  the  same  mixed  elemental 
powders  and  a  maximum  temperature  of  1  lfXTC,  pressure  of  172  MPa,  and  hold  time  of  1  h  resulted  in  full  compact 
density.  The  final  microatructure  is  shown  in  Figure  13,  where  the  predominant  phase  is  Nl^Al,  with  some  Ni^l,  present. 
As  nosed  above,  this  latter  phase  could  be  removed  by  annealing.  With  the  successful  development  of  reactive  sintering 
and  reactive  hot  iaosutic  pressing  for  Ni,Al,  some  mechanical  property  assessments  were  performed.  A  summary  of 
results  is  provided  in  Table  2.  Improved  properties  were  gained  with  boron  doping,  low  temperature  degassing,  and  poafe 
watering  heat  treatments.  With  boron  doping  atapproximatelytheO.l%1evel.and  refined  processing,  the  reactive  sintered 
product  proved  to  be  superior  to  that  possible  using  fusion  metallurgy.  Furthermore,  preliminary  oxidation  tesa  indicate 
good  resistance  up  to  900*C. 
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These  results  on  Ni^Al  provide  a  basis  far  investigation  of  reactive  sintering  and  '.active  hot  isonatic  compaction  of 
several  other  ahtminides  and  intermetallicmatria  composites.  The  many  results  on  dtcsesystems  can  not  be  detailed  here; 
however,  in  most  instances  direct  variants  on  the  above  sintering  processes  have  proven  successful  (21).  For  example, 
composites  with  a  NiyM  matrix  reinforced  with  A 120  whiskers  have  been  fabricated  using  RH1P  at  800*C,  180  MPa,  for 
0.5  h.  After  RHIP  the  compact  is  fully  dense,  but  the  microstnjcture  is  inhomogeneous.  This  indicates  that  pressure 
inhibits  capillary  induced  liquid  flow  that  normally  occurs  in  reactive  sintering.  As  indicated  in  Table  3,  the  composite 
showed  increased  strength,  but  decreased  ductility  as  the  alumina  content  increased.  Examination  of  the  fracture  surface 
in  Figure  14  shows  preferential  failure  along  the  whisker-matrix  interface.  Other  composites  were  fabricated  using  SiC 
fibers  as  reinforcing  phases.  During  the  reactive  sintering  step,  the  Ni,AI  attacked  the  SiC,  leading  to  serious  fiber  deg¬ 
radation.  Accordingly,  the  SiC  fibers  were  coated  with  Y,0,  using  chemical  vapor  deposition.  With  this  coating  the  fiber 
successfully  survived  reactive  sintering  as  illustrated  by  the  fracture  in  Figure  IS.  This  scanning  electron  micrograph 
si  tows  the  carbon  core  of  the  SiC  fiber,  and  minimal  attack  at  the  fiber-matrix  interface. 

With  NbAl,  best  sintering  densifleation  occurs  with  a  9  micrometer  niobium  powder  formed  by  hydride-dehydride  and 
a  30  micrometer  aluminum  (helium  atomized)  powder.  The  mixed  powders  are  compacted  at 200  MPa  giving  a  77%  green 
density,  heated  to  500°C  for  degassing,  then  healed  at  IS  K/min  to  1200*C  and  held  at  that  temperature  for  1  h.  The 
resulting  product  is  9S%  dense  and  essentially  pure  NbAl,.  Reactive  hot  isosutic  compaction  follows  a  similar  processing 
route  with  a  170  MPa  pressure  giving  98%  density.  The  incorporation  of  30  vot.%  Al,0,  whiskers  gives  acamposite  with 
a  Rockwell  hardness  of  87  HRA  in  contrast  with  HRA  72  for  the  monolithic  NbAl,.  Likewise,  similar  processing  has  taken 
place  to  optimize  the  reactive  consolidation  of  other  aluminidei 

Figures  16  and  17  show  two  other  examples  of  the  products  from  our  powder  processing  research.  Figure  16  is  a  full 
density  composite  of  NiAl  with  TiB,as  a  reinforcing  phase.  This  was  fabricated  using  reactive  hot  lsostatic  pressing  of 
elemental  nickel  and  aluminum  powders  containing  precompounded  titanium  diboride.  The  TiB,  inhibits  grain  growth 
and  contributes  to  substantial  strengthening  of  the  NiAl  compound.  Figure  17  shows  the  final  microstructure  of  TiAl 
formed  by  reactive  sintering  followed  by  hot  isastatic  compaction.  The  composition  contains  60  wt%  titanium  and  was 
formed  by  reacting  elemental  powders,  milling  the  powders  and  hot  isostatic  compaction  at  1350°C,  145  MPa  for  one 
hour.  The  product  contains  same  oxides,  but  is  otherwise  dense  and  reasonably  high  in  strength  and  exhibits  saw 
ductility. 


DISCUSSION 

The  reactivity  of  the  nickel  and  aluminum  powders  results  in  relatively  high  sintered  densities  with  a  low  apparent 
sintering  temperature  and  short  sintering  time.  The  high  final  densities  occur  because  a  transient  liquid  is  present  during 
the  sintering  cycle.  Processing  conditions  which  influence  the  reaction  between  the  constituent  powders  alter  the  amovt. 
distribution,  and  duration  of  the  liquid.  In  transient  liquid  phase  sintering,  these  factors  are  critical  to  the  final  sintered 
density  and  mechanical  properties  ( 1 1  - 1 31.  However,  unlike  other  sintering  studies,  time  at  temperature  is  not  asignificant 
factor  since  the  process  occurs  rapidly  once  the  liquid  forms.  The  rote  of  the  various  process  parameters  can  be  explained 
in  terms  of  their  effects  on  the  liquid  phase. 

Milling  the  powders  decreased  the  sintered  density  because  the  liquid  formed  diacontinuously  in  the  microeuucture.  Ato, 
an  increase  in  the  aluminum-nickel  iiuerftcial  area  due  to  milling  increased  the  sotid-state  interdifTusion  during  beating, 
thereby  reduc  ingthe  amount  of  liquid  during  the  reaction.  Because  of  milling  there  is  initial  liquid  and  it  is  consumed  (aner 
during  sintering.  This  concept  is  substantiated  by  the  particle  size  experiments  shown  in  Figure  10.  A  small  shank— 
particle  size  gives  more  rapid  reaction  (more  interfacial  ana)  and  less  denstficstion.  A  coarse  aluminum  powder  gins 
a  poor  distribution  of  liquid  in  the  microstnjcture. 

At  the  stoichiometric  composition,  aluminum  constitutes  34  vol.%  of  the  solid  structure.  This  is  insufficient  to  font  at 
interconnected  network  of  aluminum  unless  the  aluminum  panicle  size  is  less  than  the  nickel  panicle  size  ( 10].  In  thegnea 
compact,  the  nickel  agglomerates  are  approximately  30  micrometers  in  intercept  length,  corresponding  to  a  45 
micrometers  diameter.  According  to  Biggs  (22] ,  a  particle  size  ratio  of  at  least  2.4: 1  (major  phase  diameter  to  minor  phase 
diameter)  is  required  at  34  vol.%  to  form  a  connected  network  in  the  minor  phase.  Thus,  for  45  micrometers  nickel 
agglomerates,  an  aluminum  particle  size  below  19  micrometers  is  required.  The  optimal  panicle  size  for  the  atomma* 
(IS  micrometers)  was  in  agreement  with  this  value.  Thus,  a  connected  aluminum  matrix  with  minimal  interfacial  ares  is 
required  for  densification.  Milling  decreases  the  nickel  particle  size,  thereby  disrupting  the  aluminum  connectivity. 
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11s  manta*  stmosphcre  role  in  determining  the  sintered  density  is  explained  by  best  conduction  and  entrapped  gat 
(ten  Heat  is  carried  away  from  the  compact  during  reaction  by  llie  higher  thermal  conductivity  of  a  gas  versa  vacuum. 
Mwrmore,  because  of  the  speed  of  ihe  ruction,  there  is  no  time  for  adsorbed  vapors  and  atmosphere  captured  in  the 
pom  »  escape.  Hydrogen  has  a  higher  solubility  in  Ni,AI  thin  argon.  Thai,  with  hydrogen  trapped  in  the  pores  iheie  is 
■an  opportunity  for  gas  escape  even  after  the  pores  have  sealed  during  densification.  An  examination  of  Figure  8  shows 
iai hydrogen  was  better  than  argon  with  both  beating  rates;  however,  vacuum  is  superior,  especially  for  TiAi,  NbAlr 
■JTaAlr 

i 

Ham*  me  effects  on  transient  liquid  phase  sintering  have  been  explained  baaed  on  solid  sane  interdiffiision  prior  to 
liqaid  formation  [1  1-13].  With  i  alow  hating  me  there  is  more  solid  ante  reaction  with  subsequently  lea  liquid.  Indeed, 
tie  mermeullic  producu  from  solid  state  interdiffusion  may  actually  inhibit  liquid  formation  at  the  reaction  temperature. 
Typically,  higher  heating  rates  arc  beneficial  when  sintering  involves  a  transient  liquid  However,  there  is  a  limit  to  the 
benefit  of  rapid  heating  rates.  Too  rapid  a  heating  rate  gives  a  loss  of  process  control,  and  with  massive  samples  proves 
difficult  to  sustain  with  any  uniformity.  Additionally,  as  ihe  heating  rate  increases  the  reactivity  of  the  liquid  likewise 
iaaeaset,  thereby  decreasing  process  control.  Hence,  intermediate  heating  rates  prove  moat  reasonable. 

A  temperature  over  530*C  is  required  to  optimally  react  nickel  and  aluminum  powders.  Higher  temperatures  are  not  of 
benefit  since  the  reaction  is  fairly  complete  in  short  times  as  soon  as  a  temperature  near 600*C  is  attained.  The  calculated 
nasknum  1500  K  heating  from  the  exothermic  reaction  is  mom  than  sufficient  to  attain  the  64CTC  eutectic  from  a  S50*C 
maroon  temperature.  Thus,  the  reaction  is  probably  spontaneous  during  heating,  independent  of  the  final  temperature 
sad  hold  time.  The  heating  rate  is  important  only  in  its  effect  on  outgassing  and  mtcrdifTusiou  prior  to  the  reaction. 
Likewise,  panicle  size  is  of  importance  in  determining  the  distribution  of  liquid  in  the  microsauctme.  As  sketched  in 
Ftps®  18,  if  the  liquid  forms  in  isolated  pools,  then  no  long  range  capillary  action  is  possible  and  swelling  is  expected 
[10-13,23).  Alternatively,  a  connected  aluminum  mania  will  lead  to  rapid  densification  because  of  the  long  range 
capillary  action.  This  concept  also  helps  explain  the  aoichiotnctty  results.  With  an  excess  of  aluminum  there  is  more 
liquid  and  an  excess  over  that  required  to  form  N^AL  The  Cmai  porosity  is  fairly  constant  with  an  excess  of  aluminum, 
but  dumping  and  shape  loss  are  observed  at  84%  Ni.  Akernaiivdy.  an  excess  of  nickel  reduces  the  amount  of  liquid  and 
decreases  the  alum  mum  connectivity,  thereby  separating  the  liquid  pools  within  the  compact  For  the  experiments  with 
1 10  micrometers  aluminum  powder,  the  calculated  loss  of  connectivity  for  the  aluminum  would  occur  between  87  and 
90  wt»Ni,  in  agreement  with  the  experimental  observation.  Asaconsequence.  the  high  nickel  content  compositions  fail 
todensify  because  of  less  liquid  and  a  decreased  connectivity  of  aluminum  in  the  mictostnicture. 

Ihe  composition  of  the  second  phase  in  the  as-sfcuetcd  compacts  corresponds  to  NijAl,.  This  compound  is  stable  over 
the  approximate  composition  range  of  32  to  37  aL%  aluminum,  which  agrees  well  with  our  determination  of  34.8  at.% 
AL  The  one  hour  heat  treatmem  at  1390*C  effectively  dissolves  this  phase,  leaving  the  equilibrium  compound  N't^AL  The 
formation  of  the  Ni,Al3  phase  indicates  that  its  reaction  is  not  directly  from  nickel  and  a-uminum  to  NiyAl.  but  involves 
fannstioa  of  intermediate  compounds.  Removal  of  the  residual  porosity  can  be  faciHtatrid  by  hot  isostatic  compaction. 
With  sintemd  densities  over  92%  of  theoretical,  the  pore  saructure  consists  of  dosed  pores  and  responds  to  containeriess 
hot  isostatic  compaction  to  full  density. 


Vviaats  on  this  reactive  sintering  process  has  been  extended  to  several  other  iMermetallic  compounds.  The  elemental 
powders  are  available  and  provide  experimental  flexibility  for  the  production  of  novel  compositions  and  composites. 
Tabte  3  provides  a  summary  of  some  of  the  other  alum  in  ides  and  slum  iaide-maeix  composites  that  have  been  fabricated 


SUMMARY 

Much  progress  has  been  made  in  applying  reactive  sintering  to  the  fabrication  of  aluminide  imermetallics  and  composites 
miag  mixed  elemental  powders.  Densities  in  excess  of  97%  of  theoretical  are  possible  through  appropriate  selection  of 
particle  sizes,  composition,  green  density,  healing  rite, atmosphere,  maximum  temperature,  and  hold  time.  Although  not 
all  of  these  factors  have  been  detailed  here,  the  concept  behind  this  writing  development  hat  been  outlined.  It  is  clear 
that  the  sintered  density  depends  on  the  amount  of  liquid  formed  at  the  first  eutectic  temperature  and  (he  connectivity  of 
this  liquid.  In  this  sense,  reactive  sintering  is  analogous  to  transient  liquid  phase  sintering.  Because  the  liquid  persists  for 
oalyaahon  time,  it  is  imporRPlhat  the  several  process  panmctcrabccarefuMycowuoMcdmoptimiae  the  sintered  density. 
Subsequent  processing  (heat  treatment  andcontainerless  hot  isosmticcompaction)can  then  be  used  to  remove  die  residual 
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dictataa  the  amount  and  particle  sia  distribution  of  the  connituenti  needed  for  optima  dcftsificstioa.  The  faferaMre 
proem  is  appropriate  far  die  fabrication  of  intermetollic  compounds  and  intcnnetallic-maau 
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Rf.1  A  schematic  binary  phase  diagram  showing  the 
characteristics  necessary  for  formation  of  die  AB  inter* 
metallic  compound  from  mixed  A  and  B  constituent 
powders. 
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Fig.  2  The  shaninum-akkei  binary  phase  diagram. 
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Rf.3  A  sketch  of  the  reactive  sintering  process  far 
farming  NyU  from  mixed  elemental  Nl  and  Al 
powders.  As  temperature  increases.  Brat  s  solid  state 
traction  occurs,  with  subsequently  a  rapid 
whoa  the  eutoctic  liquid  forms.  The  final  product  is  a 
densified  compound. 


heat  treat  t3S0t.  1h.  A r 


Hg.4  Anootineof  the  steps  Involved  Informing 
rosetive  sintetad  NljAl  from  mixed  and  milled  otomontal 
powders. 
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Fig.  9  The  effect  of  the  maximum  sintering  temperature 
on  porosity  for  throe  aluminum  particle  sizes.  — 
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Rg.  10.  Porosity  as  a  function  of  the  aluminum  particle 
size  for  various  maximum  furnace  temperatures 
between  SS0  and  750*C. 
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11  The  stoichiometry  effect  on  porosity  for  reaction 
deter  ml  cum  posit  km*  near  NI.A1  using  two  maximum 
Metparsturas. 
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Rg.  12  The  upper  curve  Is  the  diletomotcr  scan  and  the 
lower  curve  is  the  differential  thermal  analysis  scut  for 
misod  nickel  and  aluminum  powdurs  showing  the 
reactive  sintaring  sxotherm  at  approximately  600*C. 
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Fig.  13  An  optkal  micrograph  of  full  density  product 
formed  by  roactiva  hot  isostatic  compaction  of  elemental 
nickel  and  aluminum  powders,  producing  a  major  phase 
ofNljAl  with  a  minor  phase  of  NijAl,. 


Rg.14  A  scanning  electron  micrograph  of  the  fracture 
surface  of  a  composite  consisting  of  Nl,Al  as  the  matrix 
and  A1&  whiskers,  fabricated  by  RH1P. 


Fig.  16  An  example  microstructurc  of  a  NiM  matrix 
composite  reinforced  with  TiDj,  fabricated  using  reactive 
hot  isostatic  compaction. 

RHIP  processed  NiAl  ♦  T IB, 


Fig.  17  Optical  micrograph  of  TiAl  fabricated  by  a 
hybrid  reactive  sintering  and  reactive  hot  isostatic 
compaction  process,  using  elemental  powders  and  a 
maximum  temperature  of  1350*C  and  14S  MPa  pressure. 
HIP  TiAl  (60  wt.%  Ti,  reaetd  milled,  HIP) 
cycle- 1350  Clh,  145  MPa 


Fig.  18  A  comparison  of  the  green  microstructure  effect 
on  local  liquid  formation  and  densification.  Densifica- 
tion  occurs  when  the  Ni  and  Al  are  connected  in  the 
green  micro* tructur*  prior  to  reactive  sintering. 


Table  1  Experimental  powder  characteristics 


RISMia 

nickel 

vendor 

INCO 

designation 

123 

powder  type 

carbonyl 

purity,  X 

99.99 

FSSS  size,  micronetars 

2.8 

aajor  iapurities,  ppa 

Ca-10 

Fe-30 

AiUniOUB  M  rjM un  ti  cantnw 

Valine t  HRC  Micron  Mecal 

H-15  •••  -325  aesh 

gee  atoaized  hydride  sponge 

99.7  99.4  99. OX 

15.0  8.8  20 

Fe-1200  Ta-0 . 11X  0-0 . 15X 

water-200  0-0 . 38X  Cl-0 . 25X 


Table  2  Mechanical  properties  of  reactive  sintered  N13A1 


yield 

ultiaute 

elongation 

process 

strength. 

atraaish.  HE* 

1 

reactive  sintered 

270 

270 

1 

saae,  B  doped 

RHIF,  800°C ,  0.5  h. 

353 

682 

12 

104  MPa  --- 

363 

0 

saae,  B  doped 

RHIF.  11006C,  1  h. 

263 

727 

10 

170  MPa  494 

677 

2 

sane,  B  doped,  heat  treated  591 

827 

5 

Table  3  raectiva  processing  results  for  aluminidei  and 
aluminide-matrix  compoaitas 
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NljAl 

NiiAl 

NiiAl 

N1A1 

NLAl 


MbAla 

TaAls 

TaAli 

TUI 

TUI 


0.1X  B 
3X  AloO, 
20X  Y203 

1SX  TU2 

20X  T1B2 

• 

30X  A1203 


RHIF  1100°C,  1  h,  170  MFe 
RHZP  800°C,  1  b,  170  MFe 
RHIF  800°C,  1  h,  170  KFa 
RS  10X  pre alloyed  800°C 
RHIF  13X  preelloyed 
1200°C,  1  h,  170  MFe 
RHIF  1SX  prealloyed 
1200°C ,  1  h,  170  MPa 
RS  1200°C,  1  h 


RHIF  1200°C 
8  at.X  Fe  RHIF  1200°C 
RHIF  1370°C, 
30X  A1203  RHIF  1370°C, 


(c  -  indicates  coopressive  test,  all  others  ere 


fractional 

density 

BtEtntth.  1 

1.00 
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1.00 
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1.00 

464 

0.98 

890 

(c) 

1.00 

1060 

(c) 

1.00 

1330 

(C) 

0.95 

. 

i  0.98 

- 

0.98 

531 

0.98 

372 

i  1.00 

533 

i  1.00 

- 

i  tensile) 

High  Temperature  -  Low  Density 
P/M  Alloys,  TMS,  Warrendale,  PA, 
1991,  pp.  109-125. 
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Powder  lnjacelon  sold  log  of  tha  lataieuetelllc  natrix  congeal tea  Rial/ 
AI2O3  and  H0SI2/AI2O3  has  ban  aecoa^llahad.  Tha  technique  pernlta 
allgnnant  of  abort  flbara  and  the  product  Ion  of  near  not  ahapo  apoclnsna. 
However,  tha  voluaa  fraction  of relnforcenent  la  1 ini tad  by  tho  povdar 
part ic la  also  and  alignaanc  la,  not  aa  good  aa  can  bo  aceonpliahad 
by  lay  up  of  flbara  or  by  liquid  infiltration  tochnlquoa.  Binder 
charactoriatlca.  Including  tba  ability  to  ronovo  tho  binder,  aro 
critical  for  auccaaa  of  tho  abiding  ptocaaa .  Linitad  nachanlcal 
proportloa  noaaurananta  carried  qwl-m  injection'ieolded  conpoaltaa 
will  bo  conparod  with  propnftl  1  qfrt  eeppeeltea  projucqd  by  other 
tochnlquoa . 


INTRODUCTION 


Intermetallic  compound*  with  low  densities  <<7.0  g/cm*)  and  high 
molting  tomporoturos  (>1600°C)  or*  attractive  for  potontiol  high 
tomporatur*  atructural  application*.  However,  before  the**  compound* 
can  b*  exploited  for  thi*  purpose  their  low  toughness  and  inadequate 
creep  strength  must  be  improved.  Composite  strengthening f  in  particular 
in  che  fora  of  fibrous  reinforcement,  is  an  approach  chat  can  improve 
both  toughness  and  creep  strength.  Thus,  the  fabrication  and  properties 
of  intermetallic  matrix  composites  are  under  intense  investigation, 
as  evidenced  by  a  recent  conference  devoted  to  the  subject^!. 

Melt  processing  techniques  have  proven  successful  for  the  fabrication 
of  fibrous  reinforced  Intermetallic  matrix  composites.  Walters  and 
Cline^l  fabricated  N1A1  reinforced  with  Cr  or  Mo  fibers,  by  directional 
solidification  of  eutectics.  Nourbakhsh  and  co-  worker*(3~7(  used 
pressure  easting  techniques  to  fabricate  matrices  based  on  nickel, 
iron,  and  titanium  aluminides  reinforced  with  AI2O3  continuous  flbors. 
However,  as  the  melting  temperature  of  the  matrix  increases,  powder 
methods  for  consolidation  of  composites  become  more  attractive  for 
obvious  reasons. 

Powder  metallurgical  techniques  have  been  developed  to  fabricate 
aligned,  continuous  fibrous  reinforced  intermetallic  matrix  composites 
[8-10] #  TijAl+Nb  reinforced  with  40  voIusm  percent  SiC  (SCS-6)  fibers 
was  fabricated  by  the  powder  cloth  technique,  which  consists  of  prepering 
cloths  of  intermetallic  matrix  by  rolling  powder  and  a  binder  into 
thin  sheets .  These  matrix  cloths  are  interspersed  with  fiber 
tapes.  Once  the  binder  is  removed,  consolidation  of  the  composite 
is  achieved  by  vacuum  hot  pressing.  These  composites  displayed  tensile 
behavior  comparable  to  strengths  calculated  from  the  rule  of  mixtures, 
at  test  temperatures  from  above  room  temperature  to  1100°C.  At  temperatures 
where  the  matrix  exhibits  limited  ductility,  fracture  surfaces  revealed 
fiber  pullout,  indicating  that  composite  strengthening  did  improve 
fracture  resistance.  However,  the  major  disadvantage  of  the  powder 
cloth  method  is  that  flat  plates  only  0.075  cm  thick  have  been  produced. 
Nevertheless,  this  technique  later  was  employed  to  fabricate  NiAl/SCS-6 
composites  1 11 J.  Anton t 10 J  produced  41 3T*  reinforced  with  continuous 
Al203<DuPont  PRD-166)  by  infiltrating  a  fibrous  preform  with  elemental 
A1  and  Ta  powders.  Consolidation  occured  by  reactive  hot  pressing. 

At  room  temperature,  in  four  point  bending,  the  continuous  reinforced 
aligned  composite  showed  improved  strength  and  modulus  over  the  matrix 


alone  and  a  random  oriented  chopped  fiber  composite.  However,  the 
strengths  were  less  than  predicted  by  rule  of  mixtures  calculations. 

The  fracture  surface  was  characterized  by  fiber  pullout  In  regions 
were  the  fibers  were  agglomerated.  The  strength  and  modulus  of  the 
random  chopped  fiber  composite  were  worse  than  those  of  the  matrix. 

Powder  Injection  Molding  (PIM)  has  been  proposed  as  a  route  «h  which 
chopped  fibers  can  be  aligned  In  an  intermetalllc  matrix  U2,13fe. 

This  method  consists  of  passing  a  heated  mixture  of  a  polymer  binder, 
a  matrix  in  powder  form  and  chopped  fibers  through  a  tapered  die 
to  achieve  alignment.  The  extrusion  Is  performed  at  temperatures 
above  the  softening  point  of  the  polymer  binder.  With  the  proper 
die  design  complex  shapes  can  be  fabricated.  However  the  major  problem 
is  that  continuous  reinforced  composites  can  not  be  produced. 

In  the  previous  studies  112,13]  no  aligned  short  fibrous  intermetalllc 
matrix  cosiposites  were  consolidated.  Instead,  powder  characteristics 
were  defined  for  successful  consolidation  of  composites  by  this  technique. 
Fine  spherical  powders  are  needed  to  produce  alignment!  also,  powder 
size  dictates  the  volume  fraction  of  reinforcement  able  to  be  aligned. 

This  study,  therefore,  was  undertaken  to  consolidate  intermetalllc 
catirix  composites  by  PIM  and  to  determine  if  aligned  short  fibers 
can  improve  the  mechanical  properties  of  intermetalllc  compounds. 
INTERMETALLIC  MATRICES  STUDIED 

Two  intermetalllc  compounds  were  Investigated  for  matrices,  NiAl 
and  MoSi2*  Phase  diagrasu  for  both  systems  are  shown  in  Figure  la) 
and  b),  respectively.  NiAl  (ordered  B2  crystal  structure)  was  chosen 
partly  because  of  a  large  body  of  literature  that  exists  detailing 
the  properties  of  this  compound.  Therefore,  measurements  of  properties 
can  be  compared  to  existing  results.  Also,  beside  a  high  melting 
temperature  (1640°C)  and  low  density  (5.86  g/cm^),  NiAl  exhibits 
excellent  oxidation  resistance.  Depending  on  factors  such  as  grain 
size,  deviations  from  stolchometery ,  strain  rate,  and  impurity  content, 
the  ductile  to  brittle  transition  has  been  reported  to  be  between 
about  400  and  600°cd®J.  M0SI2  (ordered  noncuble  Cllb  crystal  structure) 
warrants  study  due  to  its  melting  point  alone  (2000°C).  It  possesses 
a  low  density  (6.3  g/cm®)  and  has  useful  oxidation  resistance  to 
1700°C;  however  it  exhibits  the  pest  phenomenon  below  600°C.  The 
ductile  to  brittle  transition  temperature  of  M0SI2  is  approximately 

1000°cl 1^1 . 
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Figure  i  Phase  diagrams  Cor  systems  studied;  a)Ni-Al»  b)Mo-Si. 


EXPERIMENTAL  PROCEDURES 

NiAI  matrix  compos itaa  wars  consolidated  using  raacttva  synthesis 
techniques.  Reactive  synthesis  consists  of  forming  the  compound 
from  elemental  powders.  During  heating  of  the  elemental  powders 
a  transient  liquid  phase  forma  which  is  a  consequence  of  the  exotherm 
associated'  with  forming  the  coa^ound.  The  liquid  phase  accelerates 
diffusion  and  dens lflcat ion.  This  type  of  process  also  has  been 
termed  self  propagating  high  temperature  synthesis  (SHS).  NiAI  was 
successfully  fabricated  by  reactive  sintering  followed  by  HIP  and 
exhibited  comparable  mechanical  properties  to  NiAI  fabricated  by 
other  techniques (1*1.  Since  elemental  powders  are  more  readily  available 
in  small  sixes  and  spherical  shapes  than  prealloyed  powders  and  small 
shperlcal  powders  are  needed  for  alignment  of  fibers  by  PIM,  reactive 
synthesis  is  ideal  for  coupling  with  injection  molding  for  the  fabrication 
of  composites.  MoSi2  proved  difficult  to  form  by  reactive  processings ll5J 
therefore,  conventional  HIPing  of  prealloyed  MoSi2  powders  was  employed 
for  consolidation. 

Spherical  Nl  (Novamet  4SP-I0um)  and  A1  (Vallmet  H0-3un)  were  used 
for  reactive  synthesis  of  NIAI.  A  blend  of  70  weight  percent  (51 


atomic  percent)  Ni  to  30  weight  percent  Al  was  mixed  in  a  turbula 
type  mixer  for  1  hour.  The  HiAl  elemental  powder  was  sized  by  the 
light  scattering  method  to  have  an  average  diameter  of  approximately 
8um.  Irregularly  shaped  MoSi2  powder  was  obtained  from  Pratt  and 
Whitney  Aircraft  Co.  Division  of  United  Technologies  Corporation. 

This  powder  average  diameter,  determined  by  a  light  scattering  technique 
was  4um.  Chopped  Dupont  PP  AI2O3  fibers  (density  of  3.9  g/cm^), 

20um  in  diameter,  were  used  as  the  reinforcement  phase.  Fiber  aspect 
ratios  ranjed  between  10  and  100.  This  fiber  was  chosen  primarily 
due  to  its  commercial  availability.  Figure  2  shows  SEM  micrographs 
of  the  fibers  and  powders.  The  binder  used  was  based  on  low  molecular 
weight  polypropylene,  paraffin,  carnauba  wax,  and  stearic  acid,  and 
exact  composition  is  proprietary.  The  softening  point  of  the  binder 
is  approximately  90°C. 

Uniform  dispersion  of  fibers  is  necessity  for  maximum  strengthening; 
therefore,  proper  blending. of  the  fiber  and  powder  is  crucial.  The 
chopped  fibers  tended  to  agglomerate,  bet  an  alcohol  slurry  was  useful 
for  dlspermChg  the  fibers.  Appropriates  amounts  of  powder  were  then 
added  to  the  slurry  of  fibers  and  mixed  in  a  turbula  type  mixer  for 
1  hour.  The  alcohol  was  then^allowed  tie  evaporate.  Volume  fractions 
of  fibers  ranged  from  10  to  20  percent.  The  fiber  powder  mixture 
was  added  to  melted  binder  while  being  nixed.  For  small  quantities 
(50  g  or  less)  m4M*g  was  performed  by  hand  using  a  stirring  rod. 

For  larger  amounts  a  double  planetary  typa  rotating  mixer  was  employed. 
Typical  loading  j»f  the  .  fbedstocb  was  70  and  65  percent  by  volume 
of  solid  (powder  plus-  fiber)*  for  NiAl  and  M0SI2  respectively. 

For  smell  quantities  of  metsmlsl  (50  g)  the  tspsrsd  die  used  for 
fiber  alignment  dscrassed  from  1.27  to  0.15  cm.  The  extruded  "wires" 

0.15  cm  In  diameter  were  carefully  placed  in  s  polyeurethane  mold 
end  cold  isoststlcslly  pressed  (CIPed)  at  208  MPa,  to  produce  s 
cylindrical  specimen  1.27  cm  in  diameter.  This  allowed  for  s  significant 
size  sample  to  be  produced.  Larger  quantities  of  fiber  powder  end 
binder  (200  g)  were  extruded  from  s  hasted  die  that  was  tapered  from 
5.08  to  1.27cm.  This  eliminated  the  need  for  CIPing  end  avoided 
any  misalignment  due  to  errors  in  plecesMnt  of  the  "wires"  in  the 
CIP  beg.  A  hand  press  wee  utilised  for  extruding  from  the  dies  which 
were  preheated  above  the  softening  point  of  the  binder  (90°C).  A 
reciprocating  screw-type  injection  molding  machine  was  used  to  produce 


c ) 

Figure  2  Powders  and  fibers  employed  in  this  study : a )Ni+Al ; 
b)MoSi2;  c)chopped  DuPont  FP  AI2O3  fibers. 


near  net  shape  tensile  and  bend  bars.  Figure  3  shows  the  different 
samples  produced. 

All  samples  were  placed  in  (AI2O3)  wicking  powder  and  debinding 
was  performed  in  flowing  hydrogen.  The  debinding  cycle  consisted 
of  heating  at  2°C/min  to  450°C.  After  300  minutes  the  N1A1  composites 
were  allowed  to  furnace  cool.  After  debinding,  NiAl  samples  were 
placed  in  a  vacuum  furnace  and  reactively  sintered  between  700°C 
and  800°C  for  15  minutes. 


TENSILE  BAR 
DIE  CAVITY 


2  cm 

Figure  3  Samples  produced  by  injection  molding 
machine. 

At  this  point  the  specimens  were  prepared  for  consolidation  by  KIP. 

This  includes  encapsulation  and  degassing.  Sample- am  re-*,  vacuum  encapsulated 

in  stainless  steel  (304L)  for  NiAl  and,  owing  to  the  higher  melting 

temperature  of  MoSi2i  either  Ti  or  Kb.  For  Ti  cans,  the  specimen 

was  wrapped  with  Nb  foil  to  prevent  any  reaction BVtlmen  the 'can 

and  the  specimen.  Prior  to  sealing  the  can  the  Specimen*  were  outgassed 

at  300°C  for  approximately  600  minute*.  The  HIPIng'  conditions  for 

NiAl  are  as  follows >  1200°C;  172  MPa  Tor  60-  or  120  minutes.  For 

MoSi2>  the  conditions  were  either  1500°C  or  1600°C,  for  Ti  and  Nb 

cans  respectively,  and  172  Mpa  pressure  for  2  hour.  As  a  result  of 

possible  thermal  expansion  mismatch  between  reinforcement  phase  and 

b 

matrix,  cooling  from  consolidation  tes^eratures  may  result  in  cracked 
samples.  Therefore,  depressurization  and  cooling  were  carried  out 
slowly  (from  temperature  to  300°C  in  60  min.  with  the  pressure  decreasing 
only  as  a  result  of  temperature;  over  the  next  60  min.  depressurization 
to  atmospheric  pressure  and  cooling  to  room  temperature). 

Matrix  material  alone  also  was  consolidated.  NiAl  was  fabricated 
by  reactive  synthesis  using  the  diluted  mixture  of  Ni,  Al  and  NiAl 
powder  described  in  a  previous  publication^  .  This  mixture  was 
CIPed  in  a  cylindrical  polyurethane  mold  bag  at  210  MPa.  The  CIP 
bar  was  encapsulated  and  HIPed  as  described  above.  The  MoSi2  powder 
did  not  CIP  well;  therefore,  loose  powder  was  poured  into  a  Nb  HIP 
can.  The  can  was  vibrated  for  1  hour  to  allow  for  the  loose  powder 
to  reach  tap  density.  Samples  were  HIPed  using  the  conditions  listed 
above  for  MoSi2* 


Figure  <*  NiAl/15v7.FP  fabricated  by 
extruding  plus  CIP  method; 
a)as  reactive  sintered;  b) 
as  reactive  sintered;  c)as 
HIPed;  d)as  HIPed;  e)as 
HIPed;  etchant  Railings 
solution. 


e) 


RESULTS  AND  DISCUSSION 


Figure  4  shows  cross  sections  of  NiAl  reinforced  with  15vX  AI2O3 
fibers,  produced  by  extruding  from  the  soell  die  end  CIPing  the  wires 
together.  Porosity  renains  in  the  microstructure  after  reactive 
sintering  (Figs.  4a, b),  indicating  that  pressure  is  necessary  to 
consolidate  the  composites.  The  HIP  cycle  proved  sufficient  for 
densif ication  (Figs.  4c-e). 

Figure  5  shows  microstructures  of  as-HIPed  NiAl  reinforced  with  10 
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Figure  S  N1A1/FP  fibers  fabricated  by  the  large  extrusion  method. 
a)NiAl/lOvXFP.  b)NiAl/20vXFP. 


A  longitudinal  section  is  shown  in  Fig  6.  Note  that  the  morphology 
of  the  fiber  ends  is  either  conical  or  square.  This  indicates  that 
the  alignment  is  not  perfect.  If  100  percent  alignment  existed, 
all  the  fiber  ends  would  be  square  if  the  section  were  cut  in  the 
plane  of  the  extrustion  direction  or  conical  if  the  section  were 
not  in  plane.  For  comparison,  a  microstructure  of  A^Ta  reinforced 
with  40vX  AI2O3  fabricated  by  Antonia  by  hot  pressing  and  sectioned 
at  RPI  is  shown  in  Figure  7.  Superior  alignment  was  obtained  by  the 
hand  layup  technique  of  Anton.  Another  feature  to  notice,  from  the 
microstructures  in  Figs.  6  and  7,  is  the  number  of  broken  fibers 
that  result  from  powder  processing.  It  appears  that  more  fibers 
are  damaged  in  composites  fabricated  by  PXM  than  by  the  hand  layup 
technique. 
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Figure  6  Longitudinal  section  of 
NiAl/15vt:FP.  Etchant 
Railings  solution. 


Figure  7 


Longitudinal  section  of 
Al3Ta/40vZ  PSD- 166 
AI2O3  fibers  fabricated 
by  Anton  t  ^0 1 . Secondary 
electron  image. 


The  fibers  follow  the  flow  of  the  powder  and  binder  well.  Figure 
8  shows  a  macrograph  (8a)  as  well  as  a  cross  section  (8b)  of  a  reactive 
sintered  injection  molded  tensile  bar.  However,  the  complex  shape 
of  the  tensile  bar  becomes  more  difficult  to  encapsulate  and  therefore, 
to  date  fully  dense  specimens  have  not  been  obtained. 

Figures  4  through  8  indicate  that  reactive  synthesis  coupled  with 
PIM  is  a  viable  route  for  the  consolidation  of  these  composites. 

The  effectiveness  of  short  fibers  in  improving  the  mechanical  properties 
of  NiAl  was  determined  by  tensile  tests.  Cylindrical  tensile  bars, 
3.18mm  dia,  were  electrodischarge  machined  (EDM)  from  NiAi-15vZ  AI2O3 
HIP  bars.  Tests  were  performed  in  air  at  a  strain  rate  of  1.67x10"* 
■ac'l  on  a  servohydraulic  Instron  machine.  Prior  to  testing,  the 
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Figure  8  NiAl/lOvZFP.  a)Injection  molded  tensile  bar.  b)As 

reactive  sintered  mlerostructure.  Etchant  Kallings 
solution. 


bars  were  mechanically  polished  through  9um  diamond.  Results  at 
800°C ,  which  is  above  the  ductile  to  brittle  transition  Cor  reactlvely 
synthesized  N1A1[14]  are  reported  in  Table  1.  Modest  Increases  in 
strength  resulted  from  the  fibers,  but  Che  ductility  was  markedly 
reduced.  Fracture  surfaces  for  N1A1  and  the  composite  are  shown 
in  Figs.  9a)  and  b)  respectively.  Fiber  pullout  is  prevalent  in  the 
composite,  with  some  fibers  being  totally  separated  from  the  matrix. 

It  appears  that  at  this  temperature  a  weak  interface  exists  between 
the  fiber  and  matrix.  However,  a  strong  interface  is  required  for 


Figure  9  Fracture  surfaces  of  NiAl  and  NiAl/15v7. 

FP  tested  in  tension  at  800°C.  a)NiAl; 
b-d)NiAl  15v7,FP . 


strengthening  a  ductile  matrix  by  a  brittle  fiber.  Below  the  ductile 
to  brittle  transition  (<700°C)^^1,  the  stress -strain  curve  of  the 
composite  resembled  that  of  a  brittle  material.  Fracture  in  the  matrix 
was  by  cleavage,  see  Fig  10a).  However,  fiber  pullout  was  observed 
on  the  fracture  surface  (Fig  10b).  The  clam  shell  markings  initiating 
from  the  fibers  on  the  fracture  surface  suggests  that  fiber  failure 
caused  fracture,  indicating  a  strong  bond.  Also,  the  separation 
between  the  matrix  and  fiber  is  not  as  extensive  as  it  is  at  800°C 


TABLE  1 

TENSILE  PROPERTIES  OF  REACT1VELY  PROCESSED  NiAl  MATRIX 
COMPOSITES  TESTED  AT  800°C 


°y$ 

(MPa) 

outs 

(MPS) 

Raductton 

Arts  (%) 

NiAl 

135 

154 

14 

NiAl  15v%  AI2O3  Fibers 

142 

163 

3 

NiAl  20v%  T&2  Particles* 

190 

207 

12.5 

*  sm  rstoranea  14. 


a)  b) 

Figure  10  Fracture  aur faces  of  NiAl  and  NiAl/l5vZFP  tested  in  tension 
at  700°C  (below  DBTT)  a)NiAl;  b)Hiil  lSvXFP.- 


(compare  Figs.  9  and  10  ),  indicating  that  the  strength  of  the  interface 
is  increasing  with  decreasing  temperature.  Composite  properties 
also  are  governed  by  the  strength  of  the  fiber  matrix  interface. 

A  weak  interface  is  necessary  for  improvements  in  toughness  ror  a 
brittle  fiber  brittle  matrix  composite. 

Included  in  Table  1  are  values  of  strength  and  ductility  for  NiAl 
reinforced  with  15vZ  AI2O3  fibers  and  20vZ  T1B2  particles  (13um  dla.) 
fabricated  by  reactive  synthesis^ .  It  would  appear  thfb  T1B2 
particles  are  more  effective  in  improving  high  temperature  strength 
than  the  short  A1203  fibers. 


A  degassing  event  occured  during  HIPIng  of  injection  molded  MoSi2 
matrix  composites  which  prevented  consolidation.  Since  NoSi2  could 
be  denslfied  using  the  HZP  conditions  described  in  the  experimental 
section,  ic  is  not  clear  if  this  degassing  event  can  be  attributed 
to  either  the  1200°C  hydrogen  anneal  or  a  chemical  interaction  between 
the  binder  and  powders.  A  vacuum  anneal  (1000°C,  2  hours)  prior 
to  encapsulation  was  found  to  alleviate  this  degassing  event.  A 
microstructure  of  MoSi2  reinforced  with  10  or  2OVZAI2O3  is  shown 
in  Figure  11.  Due  to  lack  of  enough  material  only  small  specimens 
could  be  produced  by  the  extrusion  and  ClP  method.  Room  temperature 
hardness  results  indicate  that  AI2O3  might  improve  the  toughness 
of  MoSi2*  The  hardness  improved  from  87.6  to  90.2  on  the  Rockwell 
"A"  scale  with  the  addition  of  the  aligned  fibers.  Hardness  values 
for  powder  processed  MoSi2  have  been  reported  to  range  from  80  to 
87  Rockwell  ”A"l .  Figure  12  shows  the  actual  Indentations. 

While  cracks  propagated  from  the  hardness  indentation  in  the  composite 
specimen.  Fig.  12a),  large  craters  of  fractured  material  observed 
in  the  matrix  were  absent.  Fig.  12b).  These  results  indicate  that 
the  DuPont  FP  fiber  may  Improve  the  fracture  toughness  of  MoSl2» 
Attempts  to  obtain  a  fracture  toughness  values  from  Vickers  hardness 
indentations  failed,  as  cracks  did  not  propagate  from  the  indentations. 
CONCLPSIOHS 

NIAI/AI2O3  and  M0SI2/AI2O3  composites  have  been  successfully  produced 
by  PIM,  indicating  that  this  is  a  viable  technique  for  fabrication 
of  fibrous  intermetallic  matrix  composites.  However,  the  resulting 
alignment  is  not  perfect.  The  allowable  volume  fraction  of  fibers 
is  limited.  Misalignment  and  agglomeration  increase  as  fiber  volume 
fraction  increases  (Fig.  5).  The  DuPont  FP  fibers  are  damaged  during 
powder  processing,  which  reduce  the  aspect  ratio  of  the  fiber;  a 
fiber  on  a  tungsten  or  carbon  core  may  be  less  susceptible  to  damage. 
Fine  prealloyed  powders  will  work  as  small  elemental  powders,  as 
evidenced  by  the  fabrication  of  MoSij  matrix  composites  from  prealloyed 
powders.  However,  fine  elemental  powder*  ere  more  readily  available. 
Tensile  test  results  indicate  that  the  interface  between  the  AI2O3 
fibers  and  the  matrix  is  not  strong  enough  to  strengthen  NiAl  above 
its  ductile  to  brittle  transition  temperature.  At  this  temperature 
a  particulate  is  more  effective  in  Improving  strength.  Below  the 
ductile  to  brittle  transition  the  fibers  did  not  toughen  the  matrix, 
even  though  fiber  pull  out  was  observed  on  the  fracture  surface. 

This  possibly  indicates  that  short  fibers  will  not  toughen  this  matrix. 
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Figure  12  Rockwell  "A"  Hardness  indentation  In  a)MoSi2t 
b)MoSl2/20vlFP. 


However,  interfacial  characteristics  of  NiAl/Al203  aust  be  explored 
further,  since  the  Interface  plays  a  aajor  role  in  behavior  of  any 
composite.  Preliminary  results  (cracks  initiating  from  hardness 
indentations)  indicate  the  Du Port  FP  AI2O3  fiber  nay  improve  the 
toughness  of  M0SI2. 
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ABSTRACT 

Canpoalte*  baaed  upon  the  Incemetalllc  compound  a  N1A1,  NtjAi  and  AljTa  have 
been  conaolldated  by  aeveral  novel  technique*  Incorporating,  at  leaet  In 
part,  reactive  alnterlng  or  hot  laoatatlc  preaalng  of  elemental  povdera. 

Thla  paper  dlacuaaea  the  reaultlng  ailcroatructurea  and  aiechanleal  propertlea. 
Including  hardneaa  and  tanalle  or  conpraealve  atrengtha  aa  a  function  of 
teat  taaperature.  The  propertlea  of  the  coapoattea  are  coapared  to  thoae 
at  the  reapecclve  aatrlx  aaterlala,  alao  prepared  froa  povdera  by  Identical 
technique*.  The  llaltatlona  a*  well  aa  advantage*  of  auch  proceaalng  technique* 
are  dlacuaaed. 


KEYWORDS 

Caepoalce,  fiber*,  grain  *lxe,  hot  laoatatlc  preaalng,  Intermetallic  compound, 
nickel  alualnldea,  reactive  alnterlng,  tantalua  alualnlde. 


INTRODUCTION 

lataraetalllc  compound* ,  eapeclally  thoae  containing  large  quantttlea  of 

alaalnua,  display  a  number  of  favorable  propertlea  for  high  taaperature  atructural 

an,  Including  low  denalty,  high  atrength  at  elevated  taaperature*  and  excellent 

nidation  reaiatance.  However,  aoat  of  the  alualnldea  are  brittle,  which 

lead*  to  probleaa  In  eooaolldation  and  during  aervlce.  On*  potential  aeana 

it  Improving  ductility  and/or  toughneaa  while  lncreaaing  atrength  la  to  utlllae 

a  flbroua  aecond  phaae  relnforcaaant.  Particulate*  alao  can  be  uaed  for 

atrength  lapreveaenta,  but  uaually  at  the  expen**  of  ductility.  Powder  aetallurgleal 

pneaaaea  are  particularly  uaeful  In  preparing  auch  coapoaltea,  aa  haa  already 

ln»  reported  In  the  TljAl/SlC  (Brindley,  1987)  and  AljTa/AljOj  (Anton,  1988) 

nnaaa.  Thla  paper  revlewa  effort*  to  produce  both  flbroua  and  particle 

■raagthened  coapoaltea  of  AljTa,  NljAl  and  NIA1  by  on*  or  aor*  method*  baaed 

£9*1  either  hot  laoatatlc  preaalng  (HIPIng)  or  reactive  alnterlng.  The  latter 

pafara  to  a  procaaa  In  which  an  exothermic  reaction  between  two  or  aore  eleaantal 

Saatltuent*  of  a  powder  coapact  provide*  enough  heat  to  produce  a  liquid 

%ka*e  which  aarkedly  reduce*  alnterlng  tlae.  If  the  proceaa  la  carried  out 

^Ubaet  preaaure,  it  la  called  reactive  alnterlng.  Procaaae*  which  rely 

■tpm  application  of  uniaxial  or  laoatatlc  praaaura  during  reactive  alnterlng 

Ala  labelled  reactive  hot  preaalng  and  reactive  hot  laoatatlc  preaalng,  respectively . 
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CERAMIC  AND  METAL  MATRIX  COMPOSITES 


An  extensive  discusfloo  of  the  various  processing  techniques  Hat  appeared  la 
previous  publications  (Moora  ae  al.  1988|  kit  at  al,  1988,  Carman  and  Iota, 


ALLOY  SYSTEMS  STUDIES 


Tha  chraa  alloy  ayatama  studied  In  thla  Investigation  ara  itljAl,  NiAl  and 
A^Ts-  Malting  polnca,  danaitlaa  and  eryatal  atruetura  of  chaaa  coo  pounds 
ara  suaaarlsad  In  Table  1.  NiAl  and  AlyTa  ara  brittla  at  room  tamparatura, 


TABLE  1  INTttHETALLIC  MATtXX  ALLOYS 


Alloy 

Crvatal  Structure 

Maltlne  Ft 

Danalty 

TeAly 

0°22 

‘1330 

8.9 

NiAl 

»2 

\ t40 

5.9 

IC-218* 

Ll2 

1390 

7.5 

*  Nl3Al.Cr.Zrb8 

but  NlAl  undargoaa  a  brittla  to  ductlla  (BD)  tranaltion  at  tamparaturaa  naar 
600*C.  (No  data  ara  available  concarning  a  BD  tranaltion  In  AljTa. )  Tha 
NI3AI  alloy  choaan  for  atudy,  IC-218,  la  a  two  phaae  alloy  that  la  ductile 
at  all  tamparaturaa  between  23*C  and  800*C.  Tha  nominal  compoaltion  of  thla 
alloy,  which  waa  davalopad  at  Oak  tidga  National  Laboratory,  ia  Ni-8.2wZAl, 

7 . 8XCr ,  O.StZr  and  0.2X8. 

Powdera  of  tha  pure  me  tala  Nl,  Al  and  Ta  ware  obtainad  from  varloua  aourcaa, 
aa  Hated  in  Table  2.  Pravloua  raaaarch  on  NI3AI  alloya  prepared  by  reactive 


Site 
Ta  Aum 

1.0  urn 

-323 

Al  3wm 
lOiam 
30um  - 

Nl  3- 7  urn 


TABLE  2  POWDEK  CHAIACTH1STICB 


Shane 

Proceaa 

Vendor 

angular 

mechanically 

milled 

Cabot 

angular 

hydride/ 

dehydride 

NEC 

angular 

aaah 

hydride/ 

dehydride 

Panatael 

apherical 

l*» 

a tool rad 

Valiant, 

H-3 

apherlcal 

««• 

atomised 

Valiant, 

H-10 

apherical 

B»* 

atomised 

Vellmer, 

B-30 

aplky 

aurfaca 

earbonyl 

INCO-123 

alntering  had  ahown  that  maximum  danalty  of  compacts  la  obtained  with  fine 
powdera,  in  the  range  10*13  urn  (Bote  at  al,  1988).  Therefore,  atarting  powdera 
were  obtained  in  tha  fineat  aiaaa  commercially  available. 


AI2O3  waa  choaan  aa  the  flbroua  reinforcement  for  AlyTa  and  IC-218.  For 

both  IC-218  and  NiAl  varying  volume  fractlooa  of  TiBj  particlea  were  incorporated 

during  conaolldation  of  tha  alloy. 
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CERAMIC  AND  METAL  MATRIX  COMPOSITES 

SINTERING  TECHNIQUES 

Obtaining  danaa  monolithic  eamplee  of  ««eh  alloy  vaa  tha  flrat  objective 
of  ehla  lnvastlgatlon.  Aftar  extenalve  raaaareh  It  waa  found  that  reactive 
tintaring  of  elemental  povdara  waa  not  a  aultabla  caehnlqua  to  propara  any 
of  tho  matrix  alloya. 


N1A1 

In  tha  eaaa  of  N1A1,  tho  exothermic  raaetlon  waa  uncontrollable,  auch  that 
tha  heat  of  reaction  waa  aufflclant  to  deatroy  cruclblea  or  raault  In  coaplate 
at l ting  of  portlona  of  the  coa^act,  aa  ahown,  for  exaaple,  In  Pig.  1.  It 
waa  found  by  trial  and  arror  that  the  reaction  could  be  diluted  by  ailxlng 
10  to  25%  prealloyed  N1A1  powder  with  the  eleaental  povdera. 

Near  fully  denae  and  near  net  ahape  Nl-49a%Al  aaaplea  (0.5  grant  wt  cylindrical 
palleta  approxlnaeely  6nn  In  dlaaMter,  cold  praaaed  to  70%  of  theoretical 
denalty)  could  be  produced  fron  a  nixtura  of  eleaental  and  prealloyed  powdero 
by  reactive  alnterlng  at  700*C  In  vacuua  (10*®  tort)  for  IS  alnutea.  The 
aptlaun  amount  of  prealloyed  N1A1  powder  needed  to  control  the  exotheta  aaaociated 
with  reactive  alnterlng  of  Nl+Al  waa  determined  to  be  dependent  on  the  particle 
alae  dlatrlbutlon  of  the  praalloyed  powder.  N1A1  prealloyed  powder  waa  obtained 
fron  two  aourcea.  One  aource  waa  prareacted  N1AI  produced  and  allied  at 
IPIi  the  other  aource  waa  prealloyed  N1A1  powder  purchaead  fron  Cerec,  Inc. 

The  Carac  N1A1  powder  poaaeaaed  a  aore  uniform  particle  alee  dlatrlbutlon, 
and  therefore  blending  waa  achieved  with  leaa  Cerec  N1A1  powder  then  with 
the  EPI  powder.  The  flrat  two  aata  of  bara  In  Pig.  2  a how  propertlee  for 


Pig.  1  txceeelvo  reaction  of  oloaontal  Pig.  2  Effecte  of  %  prealloyed  N1A1 
Nt+Al  powder a.  and  volume  fraction  of  Tllj 

powder a  on  alntered  denalty  of 
N1A1. 

native  alntered  N1A1  with  EPS  and  Cerac  powder  reapectlvely.  Even  chough 
■ferent  optlmua  amount a  of  proalloyed  powdera  were  uaed,  the  alntered  propertlee 
beaaentlally  equivalent  with  the  two  different  powdera.  It  waa  found 
tat  Til]  powdera  added  to  the  nixtura  hindered  denalflcatlooi  Che  naxlaua 
malty  obtained  In  a  NlAl-TlNj  alloy  waa  95%  with  I0v%  TUj  and  15%  prealloyed 
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powder  (aaa  Fig.  2).  The  influence  of  tatall  aaounta  of  alloying  eleaeoca 
on  raactlvely  alntared  MAl/TlBj  coapoalGMi  **■  alao  atudied  (aaa  Fig.  3). 

No  algnlflcant  laprovanenta  In  hardnaaa  or  alnterod  denalty  vara  nocad  with 
IXTa,  lWb  or  SXCr. 

It  bacana  avldane  after  obtaining  many  aaaplaa  with  larga  raaldual  poraa 
that  to  produca  danaa  eoapoaltaa,  hot  laoatatle  praaalng  had  to  ba  aaployad. 
Fully  danaa  aleroatruecuraa  of  NlAl  and  NIAI/TIB2  eoapoaltaa  were  produced 
by  cold  laoatatle  praaalng  followed  by  hot  laoataeic  praaalng  In  a  304  atalalaaa 
ataal  can  at  1200*C  for  60  aln  at  a  praaaura  of  l72MPa,  ualng  the  procaaa 
outlined  in  Fig.  4.  Typical  alcroatructuraa  arl  ahown  in  Flga.  Sa)-d). 


■  Mamma  <vmn 

■  Oraaaaaa  aawaraa  Down 


•aaa  .tank  ta  .tana  in  <aana  Or 

Mtanidt 


Fig.  3  Effecta  of  alloying  eleaeata 
on  alnearad  danalty  and 
hardnaaa  of  H1A1. 


REACTIVE  MOT  IEO0XATIC  PHEEMM  (WWPfcgl 

MMJajaraanaad to  wanmawaana 

3  Cawpaaw  now  OPaa  «a  a  naan  dawani  at 

appraaaaaaaty  70%  laaiawaal 

3  Vaauun  aneapeumad  a*  30e  ataMaea  anal 

a  RHWad 


Fig.  4  Schaaatlc  of  HIP  procaaa 
for  K1A1. 


Note  the  nora  aqualxad  grain  atructura  produced  froa  a  mixture  of  praalloyad 
and  alenantal  powdara  aa  oppoaad  to  tha  pure  elenantal  powder a.  Alao  notice 
a  nora  refined  grain  alaa  with  tha  addition  of  Tllj  powdara  (Sia  va  30ia 
for  nonolithlc  NlAl. 


AliTa 

Reactive  hot  laoatatle  praaalng  (RBIF)  waa  utillaad  to  fabricate  aanplae 
of  AlyTa.  Control  of  tha  procaaa  coedltlooe  and  particle  eitee  of  the  eleawntal 
powdara  affected  tha  honogealaatlon  and  denalflcatlon  of  tha  latamatallic 

compound. 

Since  the  exact  cowpoaltlon  of  atoichlonatrlc  AljTa  waa  not  clear  from  tha 
literature,  alenantal  powdara  of  tantalun  and  alunlnun  ware  nixed  la  three 
ratioai  23,  24  and  23  atX  Ta.  Reactive  alnterlag  axparinanta  ahowod  that 
tha  opeiaua  powder  alaa  waa  lOun  for  both  tha  alunlnun  and  the  tantalun  powdara. 

The  powder  nixturee  were  cold  laoatatlcaly  preaaad  at  20CHPa  into  rod*  approxlnatalg 
14  an  la  dianater  and  BO  na  in  height.  The  roda  wore  laaarted  into  atainlaaa 
ataal  tubee  lined  with  tantalun  foil  and  eoatad  with  aa  AI2O]  elurry  to  provoat 
contamination  fron  tha  can.  Tha  aaaplaa  ware  evacuated  and  outgaaaad  at 
300*C  for  approxlnataly  20  houre  and  than  aaa led  under  vacuua.  Saaplaa  ware 
produced  by  RJUPiag  at  a  praaaura  of  l72KPa  and  taaparaturea  of  700*C,  900*C 


CERAMIC  AND  METAL  MATRIX 


221 


COMPOSITES 


«)  4) 

Pig.  J  Kleroetrueturee  of  RlAl+Tlbj.  a)  OtTHj,  g.a.30— 

b)  lot  pruU»r*l,  OtTll,  g.a.30—,  e)  lot  p  real loped, 
ISrtTllj,  g.e.5— ,  4)  10X  prealloyed,  lOfXTII], 

g.e.5—. 


1  1200*C,  for  mm  hoar.  Dmh,  he— g— —  •— plea  ware  (or— 4  at  23  act 
leaf  1200*C,  aa  aha—  la  Pig.  *.  MicroPro b«  analpala  e— fir— 4  that  cho 

•It ion  of  AI3T0  —a  approxl— telp  23.3  act  To  la  agree— at  with  a  room dp 
taa4  phaao  41agr—  (Miracle,  IfM).  Low r  te—eraturee  and  higher  percmtagea 
!  caacalua  reaulte  la  laeeaplece  reaeel—  of  the  atarting  — corlala.  Meat 
it  ac  1100*C  for  cm  h— re  or  ec  1200aC  for  fear  heara  yielded  a  two 
alcreaeniccure  which  coealace4  of  AI3T1  aa4  a  phaia  14eacifla4  aa  Aljt* 
ada,  19(g) . 

acta  containing  SattPe  aubacieute4  ferdl  aleb  —re  pre4uce4  bp  atallar 
alqoaa-  No  change  In  crpacal  eerocturc^of  the  allep  —a  detected.  Sa— lea 
alnlng  (act  Pe  eubetltuted  for  A1  —re  pro4uce4  bp  Ml  Ping  at  a  preeaure 
!l?2RPa  and  a  taaperature  of  UOO*C  and  then  heat  treated  at  1200*C  for 
ra.  The  reaultlng  alcroatructure  cenalated  of  t—  phaaea  *  a  eotld 
lion  AljTa  phaae  containing  O.Satt  Pa  and  a  ternary  phaao  vieb  a  ce—ealtlea 
rSfattla.  SbattAl,  and  12attPa. 
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20  Hm 


Fig.  6  Micro* tructur*  of  A1)T«  rucclvtly 
HIPed  at  1200*C. 


Coaposlts*  with  an  AljTa  aatrls  aiao  war*  fabricated  by  Kill  Ping.  CoapatibiUty 
taaca  Indicated  that  AI3T*  did  not  raace  with  AljOj  during  processing;  therefor* 
two  AI2O3  fiber*,  PP  and  Saffil,  war*  aalactad  for  further  atudy.  Table  3 
suaaarisa*  the  propertlea  of  the  PP  and  Saffil  fiber*.  Ualng  the  opt  law 


TAILS  3  CHAIACTg§I»TlCl  OP  Al*0-»  PlggKa 


length 

PP 

5-30ua 

Saffil 

70-200ias 

dlaaecor 

20ua 

3ua 

density 

3.*  g/cc 

3.3  g/cc 

tonsil*  strength 

1380MPS 

2000MPS 

Young's  aodulua 

3S0CPa 

300CPa 

aax  powder  dlaaeeer 
for  20  vol  t  fiber 

23ua 

4m* 

source 

DuPont 

ICI 

conaolldatlon  procedure  described  above,  coaposltes  were  fabricated  with 
10  volt  of  randoaly  oriented  fiber*  of  aach  type,  during  proceaaing,  the 
fiber*  fractured  due  to  the  high  preaaurea.  Aa  the  voluae  percent  of  fiber* 
waa  increased,  the  porosity  and  aaount  of  second  phase  present  also  increased. 
Thie  wa*  true  for  both  the  PP  and  the  Saffil  fiber*,  but  waa  las*  severe 
in  the  caaa  of  the  saaller  disaster  Saffil.  Moat  of  the  second  phase  which 
appeared  in  the  Saffil  coapoaltea  occurred  around  prior  particle  boundaries, 
lapraseatatlv*  nicroatructure*  are  shown  in  Pigs.  7a)  and  b). 

In  addition,  work  is  in  progress  to  align  these  fiber*  by  injection  abiding. 
This  process  require*  the  addition  of  about  40  volt  binder  to  the  powder 
alxture.  The  powder-binder  alature  is  Injected  through  a  die  to  obtain  fiber 
alignaaut  sad  then  heated  to  430*C  for  5  hours  in  hydrogen  to  reaove  the 
binder.  Tbo  soap lea  are  then  IHIPed  aa  described  above.  To  date,  a  paraffin- 
based  liquid  appear*  to  be  the  best  binder  since  it  does  not  conceal nate 
the  reaction  la  which  AljT*  is  forced. 
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a)  b) 


ft|.  7  Microetructuraa  of  AljTa  eoapoaltea  with  lOvl 
A120j  flbara  a)  PP  a1203  b)  Saffll. 

MMla.Cr.lrH>  (1C-116) 

Prealloyed  powder  of  eho  coapound  IC-218  was  obtained  fro*  goaoganeoua  Maeala, 
lac.  Ana ly ala  of  cba  -100  aaah  powder  revealed  coapoaltlon  of  7.67wSCr, 
f.tStAl,  O'.OXZr,  0.211,  with  7  ppa  of  M2  and  7}  ppa  of  02.  Tl>2  powder  uaad 
la  preparing  none  eaapoaleaa  waa  obealnad  from  Aeroapace  Corp.  FP-  a120j 
flbara  -wara  obealnad  Iron  Dupont  Corp. 

IC-218  and  two  type  a  of  coapoaltaa  with  an  IC-218  aatrln  vara  conaolldatad 
by  II  Ping.  The  HIP  eye  la  for  tha  unreinforced  aacrtx  waa  UOO'C,  1  hr,  at 
a  praaaura  of  172  MPa.  Tha  alcroeeruceure  of  IC-218  la  ahown  In  Pig.  So). 

■ate  that  tha  alcroatructura  conalata  of  a  V  aatria  with  aoae  dlaorderad 
nr  Bad  phaae.  IC-218  with  JwZ  of  abort  A120j  flbara  alao  waawWPed  of  1190*0 
aid  172MPa  praaaura.  A  typical  alcroatructura  la  ahowa  la'  Pit-.  *).  IC-218 


Pig.  8  HIPad  alcroatructura  of  IC-218  a)  aatrln  alloy 

(HIPad  at  1100*0  b)  SvXa1203  flbara  (HIPad  at  1190*0. 
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>»Uh  varying  volume  fraction*  of  30un  TiB2  parctclaa  wo.  HIPed  at  1150*C 
for  30  ain  at  a  prtoauro  of  172  MPa.  Th«  alcrostructur*  of  a  aaapla  containu 
lOvttllj  la  shown  In  Fig.  9.  Hot*  that  th*  TIB2  forma  a  nearly  continuous 
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•  lOOjim «  V-.  ' 


Pig.  9  Hlcroatructur*  of  10*218  with  10vXTIB2 

partlcU*.  HIPod  at  U50*C,  172MP*.  30  min. 

phaaa  at  th*  grain  boundaries.  In  general  the  T1B2  had  a  n*a<ile*ltke  or 
plat** Ilka  appearance. 


STRENGTH  MEASUREMENTS 

The  Influence  of  alcroatructur*  and  parClclw^ri  fiber  content  on  strength 
waa  carried  out  bp  a  variety  of  aachanical  casta. 


N1A1 

Coapresslv*  stress  strain  curves  for  Hl*«9aX  A1  and  several  TlBj-relnforcad 
N1A1  alloy*  were  carried  out  as  a  function  of  test  teaperature.  The  results 
are  shown  in  Pig.  10.  Note  the  rapid  rise  In  yield  stress  with  increasing 
TIB2  content.  A  portion  of  this  strengthening  Is  due  to  the  very  fine  grain 
also  (5  ua)  of  th*  alleys  containing  15  and  20X  T1B2  compared  to  the  30  urn 
grain  sis*  of  N1A1.  The  rsaalnder  of  the  strengthening  la  due  to  the  effect* 
of  the  T1B2  particles.  The  strengthening  due  to  T1B2  persists  to  about  700*C, 
there  is  virtually  no  effect  of  T1B2  on  strength  at  BOO  and  950*C. 


IC-21B 

Th*  tensile  properties  of  IC*21B  and  IC*21B  with  5vX  AljOj  fibers  as  a  function 
of  teaperature  are  coapared  la  Pig.  11.  It  can  be  seen  that  th*  fibers  did 
not  raise  the  yield  stress  and,  by  reducing  ductility  to  near  saro  at  all 
but  rooa  comparators >  had  a  deleterious  effect  on  ultimate  tonsils  strength. 

Tenslls  properties  of  IC-218/TlB2  coaposites  are  shown  In  Pig.  12.  Only 
the  alloy  containing  10XT1B2  showed  a  higher  yield  strength  than  IC-218  at 
2S*C|  however,  at  B00*C  an  Increase  In  strength  with  5X  and  10X  T1B2  was 
noted.  Not*  also  la  Pig.  12  the  rise  in  yield  stress  with  tsaperatur*  that 
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rig.  10  Conpraaalva  ylald  atreaa  »»  tanyaratura 
tor  NtAl  alloy*. 


HP  IC-210 
with  titanium  diboride 

t 


Vlg.  U  Efface  of  eengaratura  on 

tanilla  proyertlea  of  IC-21E 
and  IC-llE-SoXAljO}  fl krona 
coapoiltai. 

Bckaractarlatlc  of  ehla  alloy.  Ttie  dnctlltey  daeraaaad  aubatanetally  with 
U  taatanta  oi  TIB},  tha  affaet  balng  greater  with  Ineraaalng  XTlBj. 


rig.  12  Efface  of  tangetatura  and 
TlEg  content  on  eaaalla 
ylald  acrangth  of  IC-2H. 


t 

P^atrangch  of  aonollthlc  AljT*  haa  boon  naaaurad  In  contraction  a*  a  function 


226 


CERAMIC  AND  METAL  MATRIX  COMPOSITES 

of  temperature,  «aa  Table  4.  Note  cha  rapid  weakening  at  tlavatad  cenperaiuraa, 
Tha  addition  of  BTFe  replacing  A1  laada  to  a  aignlflcant  iaprovaaant  in  high 
taaparatura  strength.  Also,  hardnaaa  taata  hava  baan  carriad  out  on  aavarai 
coapoaltlona .  Tha  Viekar'a  hardnaaa  of  AljTa  was  369  DPH.  Thu  value  varied 
little  for  tha  AljTa  which  foraad  at  varloua  coapoaltlona  or  HIPIng  caaparaturaa 
Tha  addition  of  fibara  alao  had  little  affect  upon  tha  hardnaaa.  The  hardnaaa 
of  tha  Al2Ta  phaee  which  foraad  in  aoaa  aaaplaa  waa  approximately  450  DPH. 

Tha  Viekar'a  hardnaaa  of  tha  aolid  aolutlon  atrangthanad  Al jTa  +•  Fa  waa 
391  SPH.  Thia  hardnaaa  of  tha  ternary  phaaa  with  12X  Fa  waa  571  DPH. 

TABLE  4  COMPRESSIVE  PROPERTIES  OP  AliTa  ALLOYS 


Alloy 

Taap 

Yield  Sc 

(C) 

(MPa) 

AljTa 

25 

531 

Al3Ta-8aXFe 

25 

372 

Al3Ta-8atPe 

750 

765 

Al3Ta 

950 

41 

AljTa-BaXPa 

950 

198 

DISCUSSION 

Danalf ication  of  lntaraatalllc  aatrix  eoapoaitaa  cat.  be  accoapllahad  by  HlPlng 
either  elsamntal  or  prealloyed  aatrix  aatarial  with  coapatlbla  relnforceaanta. 

Tha  conaolldation  condltiona  (taaparatura,  preaaure,  tlaa)  do  not  aubatantially 
differ  fro*  thoaa  utilised  for  tha  aatrix  alone.  'Howavar,  the  ability  to 
achieve  full  density  la  inhibited  aoaevhst  by  the  praaanca  of  the  relnforceaanta 
Reasons  for  aiallar  procaaaing  cyclaa  ara  the  low  voluaa  fratlons  of  caraalc 
phases  and  the  grain  alas  refinement  often  obaarvad  after  HIP  of  the  composite. 

For  aany  of  tha  lntaraatalllc  compound a  the  primary  danalf ication  aechanlaa 
involves  grain  boundary  diffusion.  Although  the  ceramic  second  phaaa  inhibits 
danalf ication,  it  has  a  beneficial  grain  also  ref invent  affect.  This  latter 
change  ensures  more  and  shorter  diffusion  paths  for  danalf ication.  Because 
of  the  long  range  ordered  structure  of  those  compounds,  tha  lattice  dlffualvtty 
is  low.  Consequently,  grain  boundaries  and  grain  boundary  diffusion  is  necessary 
for  rapid  dens  if  ication.  Two  of  tha  three  alloy  systems  studied,  Ni]Al,Cr,Zr+»/TIB 
and  NIAI/TIB2  show  considerable  strengthening  relative  to  the  aatrix  alone. 

In  tha  caaa  of  N1A1  soma  of  tha  strengthening  arises  from  grain  refinement, 
with  tha  graio  aisa  being  reduced  from  30um  to  Sum  by  tha  Tl>2  particles. 

However,  a  Hall-Patch  analysis  of  Che  contribution  from  grain  alia  refinement 
to  strengthening  can  account  for  only  a  portion  of  the  observed  strengthening, 
see  Table  3.  The  balance  is  provided  either  by  direct  strengthening  by  the 
particles  (unlikely  dua  to  their  large  alas)  or  by  impurity  contamination, 
predominantly  oxides  on  prior  particle  boundaries.  Pose-consolidation  analyses 
of  the  NiAl  compacts  rdvealsd  an  oxygen  content  of  about  500  ppm.  It  is 
well  known  chat  the  mechanical  properties  of  intermetalllc  compounds  ara 
extraawly  sensitive  to  coa^osltlonel  variations,  either  Al  content  or  lawurlty 
levels  (Stoloff,  1985). 

Contamination  is  only  one  of  the  problems  affecting  the  propertlas  of  thasa 
compos itas.  In  tha  case  of  the  fibrous  composites  IC-2I6/AI2O3,  lack  of 
watting  between  fiber  and  aatrix  lasds  co  premature  nucleaclon  of  cracks 
at  tha  fiber/matrix  intarfacas  and  severe  loss  of  ductility.  Two  remedies 
are  required*  a  dopant  for  better  wetting  and  fiber  alignment  to  allow  tha 
work  of  pull  out  co  contribute  to  overall  fracture  resistance.  Injection 
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TABLE  5  CONTRIBUTION  Of  CRAIN  BEPIMEMEMT  TO  STtEMCTHEHIHC 
By  TIS^  at  2S*C. 


Crain  Sit*  (ua)  yield  Sergo  (MPa) 

N1A1  (10Z  pnilloytd)  30  890 

N1A1  (10Z  praalloyad)  5  1000 

calculated  fro*  Hall  Patch* 

NiAl  (10Z  praalloyad)  S  1060 

15  vol  Z  TIB2 

NiAl  (10Z  praalloyad)  5  1350 

20  vol  %  «B2 


*  Hall  Patch  data  fro*  scNRaon  (1985) 


aaldlng  offara  aoaa  hop*  of  ovareoaiag  tha  allgnaant  problaa,  but  contaalnatlon 
fraa  a  polya*ric*b*a*  binder  mat  b*  avoided  la  tha  flaal  product.  Initial 
afforta  to  davalop  Injection  aoldad  coapoaltaa  bay*  aatablUhad  that  tha 
Mara |*  powder  particle  dtaaater  mat  be  laaa  than  tha  fiber  dlaaatar  to 
aMaapllah  allgnaant.  Unfortunately  powder*  of  tha  alaa  required,  of  tha 
ardor  of  10  u*  or  laaa,  are  either  vary  axpenalv*  or  unavailable.  laactlv* 
incaaaing  ualng  eleaental  powdara  raaalna  an  attractive  route  far  denalflcatloa 
ba  Injection  aoldad  aaall  particle*. 
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Abstract 


Several  techniques  have  been  employed  to  consolidate  MoSi, 
composites  reinforced  either  with  A1203  or  Hb.  Powder  injection 
molding  was  used  to  prepare  MoSi2  with  aligned  short  FP  A1203 
fibers.  Plasma  spray  was  used  to  produce  lamellar  MoSi2-Al203. 
Niobium  particles,  random  short  fibers  and  continuous  fibers  were 
incorporated  into  MoSi2  by  hot  isostatic  pressing. 

Microstructures  and  mechanical  properties  of  the  various 
composites  are  reported.  Significant  microscopic  toughening  was 
obtained  with  continuous  Nb  fibers,  but  at  the  expense  of  creep 


resistance. 


1. 


Introduction 


Many  interinetallics  are  under  intensive  investigation  as 
potential  structural  materials.  Of  these,  MoSi2  is  perhaps  the 
most  interesting,  because  of  its  melting  point  (2030°C), 
excellent  oxidation  resistance  and  low  density.  However,  efforts 
to  develop  MoSi2  have  been  hampered  by  its  extreme  brittleness 
at  temperatures  below  1000°C,  coupled  with  relatively  low  creep 
resistance.  It  has  been  recognized  by  most  workers  in  the  field 
that  the  best  chance  to  solve  these  twin  problems  is  through  use 
of  MoSi2  as  a  composite  matrix.  However,  the  commercial  ceramic 
fibers  that  are  suitable  for  use  as  reinforcements  are  limited  to 
Sic  and  A1203  (in  various  purities).  Niobium  fibers  have  been 
added  to  MoSijW.  The  addition  of  other  metallic  fibers  such  as  w 
and  Mo  based  alloys  will  likely  strengthen  MoSi2.  However,  the 
addition  of  refractory  metals  is  almost  certain  to  lead  to  a 
degradation  of  oxidation  resistance.  With  these  cautions  in 
mind,  we,  along  with  other  investigators,  have  utilized  a  variety 
of  processing  techniques  to  prepare  MoSi2-base  composites.  In 
this  paper  we  describe  powder  metallurgical  and  plasma  spray 
techniques  to  prepare  not  only  fiber  reinforced  samples,  but  also 
particulate  reinforced  composites  as  well  as  lamellar  composites. 
A1203  and  Nb  were  chosen  as  candidate  ceramic  and  metallic 
reinforcements  respectively,  because  of  thermal  expansion 
compatibility  and  availability  of  reinforcements. 

2 .  Fabrication  approaches 

Several  experimental  techniques  have  been  used  for  our 
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composite  studies:  hot  isostatic  pressing  (HIPing)  of  MoSi2-Nb 
particulate  and  random  fiber  composites,  injection  molding  of 
MoSi2-Al203  aligned  short  fiber  composites,  hand  layup  and 
HIPing  of  MoSi2-Nb  continuous  fiber  composites  and  plasma 
spraying  of  MoSi2-Al203  lamellar  composites,  since  details  of 
HIPing  operations  for  MoSi2/Al203  have  been  published  previously 
C23,  we  will  describe  here  only  the  injection  molding  and  plasma 
spray  processes,  as  well  as  HIPing  of  MoSi2/Nb  composites. 

2.1  Injection  Molding 

Injection  molding  for  fiber  alignment  consists  of  four  basic 
steps,  feedstock  production,  fiber  alignment,  debinding  and 
consolidation.  Feedstock  preparation  consists  of  mixing  the 
powders  and  fibers  with  a  polymer  binder.  Fiber  alignment 
comprises  injection  of  the  feedstock  through  a  nozzle.  Injection 
is  performed  above  the  softening  point  of  the  polymer  binder. 

The  binder  is  then  removed,  either  thermally  or  chemically. 

Final  consolidation  is  accomplished  by  sintering  or  pressure 
aided  sintering  techniques.  A  schematic  diagram  of  the  process 
is  shown  in  Fig.  l. 

Uniform  fiber  distribution  is  crucial  for  toughness 
improvements  in  brittle  matrices;  therefore,  the  addition  of 
fibers  to  the  powders  must  be  performed  with  great  care.  Twenty 
volume  percent  (13.5  wt%)  chopped  DuPont  FP  A1203  fibers  (20*jm 
diameter)  were  mixed  into  the  MoSi2  powders  (H.C.  Stark-Grade  C) 
in  an  alcohol  slurry.  Fiber  aspect  ratios  ranged  from  10  to  200. 
A  turbula  type  mixer  was  employed  for  blending  of  the  fibers  and 
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powders  in  the  slurry.  Mixing  occurred  for  1  hour,  after  which 
the  alcohol  was  allowed  to  evaporate.  The  binder  used  was  based 
on  low  molecular  weight  polyproplylene,  paraffin,  carnauba  wax, 
and  stearic  acid.  Its  softening  point  is  approximately  90°C  and 
density  is  0.94  g/cm3.  The  feedstock  was  prepared  by  mixing  the 
powder/fiber  blend  into  the  melted  binder.  Mixing  was  performed 
for  30  minutes  employing  a  double  planetary  type  mixer. 
Approximately  30  percent  by  volume  of  feedstock  was  binder. 

The  fibers  were  aligned  by  extruding  the  feedstock  through  a 
tapered  die.  The  die  decreased  in  diameter  from  12. 7mm  to  l.5mm. 
Extrusion  was  performed  with  the  die  preheated  to  90*C.  This 
produced  wires  that  were  1.5mm  in  diameter  by  about  50mm  long. 
These  wires  were  carefully  placed  in  a  polyeurethane  mold  (12. 7mm 
in  diameter)  and  cold  isostatically  pressed  to  208  MPa.  This 
produced  a  cylindrical  specimen  about  12.7mm  in  diameter  and  50mm 
long. 

Thermal  debinding  was  carried  out  with  specimens  placed  in 
A1203  powder.  The  cycle  consisted  of  heating  at  2#C/min  to  450°C 
and  holding  at  temperature  for  300  minutes.  After  a  furnace  cool 
in  hydrogen,  the  specimens  were  placed  in  a  vacuum  furnace  and 
vacuum  sintered  at  1200°C  for  2  hours.  The  specimens  were  then 
encapsulated  for  HIPing.  Specimens  were  wrapped  in  Ta  or  Nb  foil 
and  vacuum  encapsulated  in  Ti  HIP  cans.  The  foil  was  used  to 
prevent  reaction  between  the  MoSi2  and  the  Ti  can.  The  HIP 
cycle  was  1500°c,  for  2  hours  at  172  MPa.  Depressurization  and 
cooling  occurred  slowly  (from  1500*C  to  300°C  in  60  minutes, 
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followed  by  depressurization  to  atmospheric  pressure  and  cooling 
to  room  temperature  over  the  next  60  minutes).  The  cross  section 
of  an  aligned  MoSi2-20v%Al203  composite  is  shown  in  Fig.  2. 

2.2  Hat,  isostafcis  Pressing 

Niobium  was  added  to  MoSi2  in  the  form  of  particles,  random 
chopped  fibers  and  aligned  continuous  fibers.  Irregular  shaped 
Nb  particles  (-80  mesh,  microtrac  diameter  lOS^m)  were  obtained 
from  Teledyne-Wha  Chang  in  Albany,  Oregon.  Twenty  volume  percent 
(or  25  wt% )  Nb  was  mixed  into  MoSi2  powder  (H.c.  Stark-Grade  C). 
Niobium  wire  also  was  obtained  from  Teledyne-Wha  Chang.  The 
diameter  of  the  wires  was  812/im.  The  wire  was  chopped  to 
approximately  12. 5mm  in  length.  Twenty  volume  percent  of  Nb  wire 
was  mixed  with  MoSi2  powder.  Mixing  occurred  in  1  hour  with  a 
turbula  type  mixer.  The  mixed  powder  and  wire  were  placed  in  a 
polyuerethane  cold  isostatic  press  (CIP)  mold  bag  (23mm  in 
diameter  by  70mm  long).  The  CIP  bag  was  lined  with  Ta  or  Nb  foil 
prior  to  the  placement  of  the  powder  into  the  bag.  Specimens 
were  CIPed  to  240  MPa.  The  specimens  were  then  vacuum 
encapsulated  in  Ti  HIP  cans  and  HIPed  for  3  hours  at  1350°c  at 
172  MPa  pressure.  Depressurization  and  cooling  occurred  over  a 
three  hour  period.  A  typical  microstructure  appears  in  Fig.  3. 

Continuous  aligned  Nb-reinforced  MoSi2  composites  were 
produced  via  a  combination  hand  layup-powder  infiltration 
technique.  A  CIP  mold  lined  with  either  Ta  of  Nb  foil  was  filled 
to  one  half  of  its  capacity  with  MoSi2  powder,  wires  cut  to 
70mm  length  were  carefully  placed  in  the  powder.  Then  the  CIP 
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bag  was  filled  to  capacity  with  MoSi2  powder,  infiltrating  the 
wires.  The  amounts  of  powder  and  wires  used  were  determined 
prior  to  layup  of  the  wire,  such  that  loading  of  the  wire  was 
20v%  (25  vrt%).  These  specimens  were  CIPed  and  HIPed  as  above. 

In  each  case,  a  reaction  zone  was  noted  between  MoSi2  and 
Nb.  Microprobe  analysis  results  are  shown  in  Fig.  4  for  fiber- 
reinforced  MoSi2.  The  MosSi3  phase,  contaminated  with  Fe,  was 
identified.  The  source  of  contamination  is  unknown;  it  might 
have  originated  in  the  wire  as  Fe  was  not  detected  in  particulate 
composites,  other  researchers  have  noticed  similar  chemical 
interactions  between  Nb  and  MoSi2(3,>  For  any  practical 
engineering  application  Nb  must  be  coated  to  prevent  inter¬ 
diffusion. 

Bend  specimens  were  electrodischarge  machined  from  the 
ingots  (6.36mm  in  dia.  by  38mm  in  length).  The  bend  bars  were 
re-HIPed  at  1350°C  for  three  hours.  Specimens  were  polished 
through  0.3  nm  A1203  powder.  Specimens  were  tested  in  three 
point  bend  at  a  cross  head  velocity  of  0.127  mm/sec.  The  span 
length  between  the  supports  on  the  three  point  bend  jig  was 
25.4  mm. 

Compressive  creep  tests  in  air  were  carried  out  at  1050- 
1450*0  in  a  band  load  apparatus  previously  described c  A 1  . 

Stresses  ranged  from  10-100  MPa.  Grain  sizes  of  both  MoSi2  and 
MoSij-20v%Nb  particulate  composites  were  about  23nm. 

2.3  Plasma  Sprav 

A  commercial  plasma  spray  unit  has  been  modified  to  permit 
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deposition  onto  a  substrate.  Dual  injection  ports  allowed 
spraying  of  two  different  powder  types,  Al203  and  MoSi2. 

Composites  were  formed  by  sequential  deposition  of  MoSi2 
and  A1203.  Both  powders  were  -325  mesh  grade.  The  plasma  gun 
was  operated  inside  a  glove  box  supporting  an  inert  argon 
environment  which  is  monitored  for  oxygen  and  kept  below  4  ppm 
during  the  spray  deposition.  The  plasma  equipment  used  is  a 
Miller  plasmadyne  system  with  a  SG-100  gun  using  the  175  anode, 
129  cathode  and  a  113  gas  injector.  The  arc  gas  pressure  was 
kept  at  60  psi,  the  feed  gas  pressure  at  35  psi  and  the  arc 
current  varied.  The  equipment  was  modified  by  running  separate 
feed  lines  from  each  hopper  directly  to  the  gun,  eliminating  the 
check  valve  supplied  by  the  vendor  which  was  shown  to  cause  cross 
contamination  of  the  layers. 

The  gun  was  kept  8.8  cm  away  from  the  rotating  (30  RPM)  cast 
iron  substrate.  At  this  distance  some  heat  enters  into  the 
deposit  and  provides  some  stress  relief  to  the  laminate 
structure.  Residual  porosity  is  evident  in  these  films,  being 
caused  by  argon  entrapment  between  successively  deposited  splats 
and  also  by  unmelted  powders.  To  remove  this  porosity  hot 
isostatic  pressing  and  vacuum  annealing  were  used.  Vacuum 
annealing  at  1500°C  for  1  hour  was  found  to  fully  densify  the 
MoSi2  layer. 

The  composites  have  been  characterized  by  density 
measurements,  back-scattered  electron  microscopy,  Vickers 
microhardness  and  X-ray  diffraction.  The  MoSi2  solidifies  as  a 
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hexagonal  phase  which  is  a  non-equilibrium  phase  at  room 
temperature c  3  3 ,  as  shown  in  the  X-ray  traces  of  Fig.  £.  The 
transition  to  the  equilibrium  body  centered  hexagonal  phase 
occurs  on  annealing  between  700°C  and  900°c. 

A  general  view  of  a  plasma  sprayed  MoSi2/Al2o3  laminate 
appears  in  Fig.  6.  The  density  of  the  deposits  increased  from 
82%  to  96%  with  increasing  arc  current  between  300  and  500  amps, 
with  no  further  increase  at  700  amps.  A  higher  magnification 
view  of  as-sprayed  material  appears  in  Fig.  7.  Note  the  large 
inhomogenieties  and  porosity,  as  well  as  non  equilibrium  phases 
present . 

Transmission  electron  microscopy  of  the  as  sprayed  material 
showed  several  interesting  features,  including  an  amorphous 
interface  phase.  Fig.  8a),  and  particles  (as  yet  unidentified)  in 
the  MoSi2,  Fig.  8b). 

3 .  Mechanical  Properties 
3 . 1  MoS lr»  -A1  -» 0 -»  Composites 

Both  powder  processed  and  plasma  sprayed  composites  were 
produced.  Room  temperature  hardness  results  indicate  that  A1203 
might  improve  the  fracture  resistance  of  MoSi2.  Figures  9a)-d) 
show  Rockwell  "A"  hardness  indentions  (60kg  load,  Brale)  in  HIPed 
MoSi2,  plasma  sprayed  MoSi2,  Mosi2-20v%  FP  composite  produced  by 
PIM  and  Mosi2/Al203  laminate  produced  by  plasma  spray, 
respectively.  The  actual  hardness  results  were  87.6,  90.2  and 
85.7  HRA  for  MoSi2,  MoSi2/20v%  FP  and  MoSi2/Al203  laminate, 
respectively.  Notice  that  while  cracks  propagate  from  the 
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indentations  in  each  of  the  composite  specimens,  absent  are  large 
areas  of  adjacent  fractured  material  as  displayed  in  the 
monolithic  specimen.  Figs.  9a)  and  9b). 

Microhardness  values  also  have  been  obtained  from  each  phase 
in  plasma  sprayed  MoSi2/Al203  composites,  see  Fig.  10C61. 
Hardness  and  density  increased  with  arc  currents  for  both  MoSi2 
and  A1203 . 

3.2  MoSio/Nb  Composites 

The  mechanical  behavior  of  MoSi2-Nb  composites  was 
determined  by  means  of  three  point  bend  tests  at  room  temperature 
and  compressive  creep  tests  at  elevated  temperatures.  Fig.  lla) 
shows  room  temperature  flexural  stress  versus  displacement  curves 
for  MoSi2  and  MoSi2/20v%  Nb  particulate  composite.  Note  that 
these  curves  exhibit  only  elastic  behavior.  Fig.  lib)  shows  the 
curves  for  MoSi2  with  20v%  short  random  Nb  fibers.  Note  the 
large  variability  in  shape  of  these  curves;  however,  each 
displays  some  "non-elastic"  deflection  or  strain.  This  indicates 
crack  blunting  and  improvements  in  toughness  with  additions  of 
the  random  short  fibers.  Fig.  11c)  shows  bend  deflection  curves 
for  MoSi2/20v%  Nb  aligned  continuous  fibrous  composite. 

Clearly,  these  curves  indicate  that  the  aligned  fibers  will 
impart  the  greatest  improvement  in  toughness.  Fig.  I2a-c)  shows 
fracture  surfaces  for  MoSi2  and  the  Nb  fibrous  composites.  Fig. 
13a-c)  shows  high  magnification  of  the  Nb  fracture  surface  in 
each  of  the  composites  (particulate  random  fibrous  and  aligned 
continuous  fibrous).  Note  from  Figs.  12  and  13  that  for  the 
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random  fibrous  and  particulate  composite,  failure  of  Nb  occurred 
primarily  by  transgranuiar  cleavage,  while  for  the  aligned 
fibrous  composite  the  Nb  failed  in  a  ductile  mode.  This  would 
indicate  that  there  is  a  large  orientation  effect  for  toughening 
MoSi2  with  ductile  phases. 

creep  tests  have  been  carried  out  in  compression  to  date 
only  on  Nb-  particulate  reinforced  MoSi2.  Typical  creep  curves 
at  1200°C  for  MoSi2  and  MoSi2-20v%Nb  particles  are  shown  in  Fig. 
l^*1.  Note  the  much  more  rapid  creep  rate  of  the  composite. 
Activation  energies,  Q,  of  232  kJ/mole  for  MoSi2  and  119  kJ/mole 
for  the  composite  were  noted  from  the  data  in  Fig.  15.  Sadananda 
et  al c 7 1  showed  similar  creep  rates  for  20  MPa  stress,  but  with 
a  much  higher  activation  energy,  also  shown  in  Fig.  15. 

The  matrix  creep  rates  measured  in  the  present  work  are  on 
the  same  order  of  magnitude  as  those  reported  by  Sadananda  et 
alC73  over  the  same  temperature  range,  at  different  stresses  (10 
MPa  versus  20  MPa)  and  for  material  of  similar  grain  size.  The 
exact  amount  of  glass  in  the  samples  of  Sadananda  et  al  was  not 
reported,  so  small  differences  in  the  creep  rates  may  be  due  to 
differences  in  the  glass  content  or  composition. 

The  rapid  creep  of  the  MoSiz/Nb  composite  demonstrates  that 
it  is  not  attractive  for  high  temperature  structural 
applications.  The  Nb  is  responsible  for  the  faster  creep  rate, 
either  due  to  the  creep  of  the  Nb  particles  themselves  or  because 
of  the  deformation  of  the  reaction  zone.  Meschtercei  had 
suggested  that  a  Nb  particulate  composite  might  have  low 
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toughness  due  to  the  formation  of  a  brittle  (Mo,Nb)3Si3  reaction 
zone  with  a  weak  interface  which  does  not  permit  ductile-phase 
crack  bridging.  However,  no  cracking  was  observed  at  the 
reaction  zone  in  the  creep  samples  and  neither  the  particles  nor 
the  reaction  zone  were  visibly  deformed. 

The  creep  rate  of  niobium  is  strongly  time-dependent, 
exhibiting  a  t1/3  dependence c  9  3  .  The  creep  strain  of  the 
composite  was  found  to  fit  equation  (1); 

«  -  a0  +  axt1/z  +  a2t  (Eq.  1) 

which  contains  a  t1/2  term  and  a  term  linear  with  time.  A  term 
in  t1/3  plus  a  linear  time  term  also  gave  good  fit.  The 
MoSi2/Nb  creep  rate  therefore  may  be  the  sum  of  a  constant  MoSi2 
deformation  rate  and  a  time  dependent  Nb  creep  rate. 

Summary  and  Conclusions 

Several  processing  techniques  have  been  shown  to  provide 
fully  dense  MoSi2-base  composites  with  various  forms  of  A1203 
and  Nb  reinforcements.  Unfortunately,  the  powders  of  MoSi2  that 
are  commercially  available  carry  with  them  significant  amounts  of 
Sio2.  In  the  case  of  plasma  spraying,  annealing  without 
pressure  is  sufficient  to  fully  densify  laminates,  but  for  P/M 
processed  material  HIPing  is  necessary. 

Preliminary  observations  of  the  microstructure  of  plasma 
sprayed  MoSi2-Al203  laminates  by  TEM  reveal  an  unidentified 
amorphous  phase  at  interphase  boundaries  as  well  as  many  defects 
in  the  MoSi2  (dislocations,  twins,  second  phase  particles).  The 
influence  of  deposition  conditions  and  annealing  on  these  defects 
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is  currently  being  studied. 

The  mechanical  properties  evaluations,  also  are  still 
preliminary,  but  it  is  evident  that  continuous  Nb  filaments  are 
necessary  to  produce  significant  toughening  at  23°C.  However,  it 
is  also  highly  likely  that  such  fibers  will  lead  to  degradation 
of  creep  properties,  as  with  Nb  particles.  Coatings  such  as 
y203  are  reported  to  inhibit  interdiffusion  between  MoSi^* and 
Nbcl°]  but  may  not  improve  creep  resistance. 
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Figure  Captions 


1.  Schematic  of  injection  molding  process. 

2.  Cross  sectional  view  of  MoSi2-20v%Al203  composite  produced 
by  injection  molding. 

3.  Cross  sectional  view  of  random  MoSi2-20v%Nb  wire 
composites,  HIPed  at  1350®C,  3  hrs  at  172  MPa  pressure. 

4.  a)  Reaction  zone  in  Mosi2-Nb  random  wire  composites. 

b)  Microprobe  traces  across  reaction  zone,  showing  phases 
present.  Note  iron  contamination  in  reaction  zone. 

5.  X-ray  traces  of  MoSi2  in  plasma  sprayed  laminates. 

6.  Plasma  sprayed  Mosi2-Al203  laminates. 

7.  Higher  magnification  view  of  as-deposited  laminate  in  SEM 
backscatter  mode. 

8.  TEM  views  of  plasma  sprayed  MoSi-Al203  laminate 

a)  interface  region,  b)  second  phase  particles  in  MoSi2. 

9.  Rockwell  "A"  hardness  indentations,  a)  HIPed  KoSi2 

b)  plasma  sprayed  MoStg ,  c)  injection  molded  MoSi2-Al203 
d)  plasma  sprayed  MoS^-Al203 . 

10.  Hardness  of  MoSi2  and  A1203  as  a  function  of  arc  current. 

11.  Flexural  stress  vs.  displacement  curved,  a)  MoSiz  and 
MoSi2— 20v%Nb  particles,  b)  MoSf2-20v%  random  Nb  fibers, 

c)  MoSi2-20v%  aligned  continuous  Nb  fibers. 

12.  SEM  fractographs  of  bend  specimens,  a)  MoSi2,  b)  MoSi2-20v% 
random  Nb  fibers,  c)  MoSi2-20v%  continuous  Nb  fibers. 

13.  SEM  fractographs  of  t&nd  specimens,  a)  MoSi2,  b)  MoSi2-20v% 
particles,  c)  Mo'Si2-20v%  short  random  fibers,  d)  MoSi2-20v% 
continuous  fibers. 

14.  Creep  curves  for  MoSi2  and  MoSi2-20v%Nb  particles,  1200*c, 
a-10  MPa c  * 1 . 

15.  Creep  rates  vs.  temperature,  <r«10  MPa.  Data  for  Sadananda 
et  alC7]  shown  for  comparison. 
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Cross  sectional  view  of  random  MoSi2~20v%Nb  wire 
composites,  HIPed  at  1350*C,  3  hrs  at  172  MPa 
pressure . 


Fig.  4.  a)  Reaction  zone  in  MoSi2-Nb  random  wire 
composites. 

b)  Microprobe  traces  across  reaction  zone,  showing 
phases  present.  Note  iron  contamination  in 
reaction  zone. 
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Fig  5.  X-ray  traces  of  MoSi2  in  plasma  sprayed 
laminates . 


Fig.  6.  Plasma  sprayed  MoSi2-Al203  laminates. 
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Fig.  7.  Higher  magnification  view  of  as-deposited 
laminate  in  SEM  backscatter  mode. 
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Fig.  8.  TEM  views  of  plasma  sprayed  MoSi-Al203  laminate 
a)  interface  region,  b)  second  phase  particles  in  MoSi2. 
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Rockwell  "A”  hardness  indentations,  a)  HIPed 
MoSi2,  b)  plasma  sprayed  MoSi2,  c)  injection 
molded  MoSi2-Al203,  d)  plasma  sprayed  MoSi2- 
Al2 0 3  • 
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FLEXURAL  STRESS  (MPa)  FLEXURAL  STRESS  (MPa) 


Fig.  11.  Flexural  stress  vs.  displacement  curves,  a)  MoSi2 
and  MoSi2~20v«Nb  particles,  b)  MoSi2-20v%  random 
Nb  fibers,  c)  MoSi2-20v%  aligned  continuous  Nb 
fibers. 
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FLEXURAL  STRESS  (MPa) 


c) 


Fig.  11.  Flexural  stress  vs.  displaceaent  curves,  a)  MoSiz 
and  MoSi2-20v%Nb  particles,  b)  MoSi2-20v%  random 
Nb  fibers,  c)  MoSi2-20v%  aligned  continuous  Nb 
fibers. 
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c)  d) 


Fig.  13.  SEM  fractographs  of  Pend  specimens,  a)  MoSi2, 
b)  MoSi2-20v%  particles,  c)  MoSi2-20v%  short 
random  fibers,  d)  MoSi2-20v%  continuous  fibers. 
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LOG  STRAIN  RATE  (s-1) 


Time  (s) 


Fig.  14.  Creep  curves  for  MoSi2  and  MoSi2-20v%Nb 
particles,  1200*C,  c*10  MPac*3. 


5.6  5.8  6.0  6.2  6.4  6.6  6.8  7.0  7.2  7.4 


10^/T  (K) 

Fig.  15.  Creep  rates  vs.  temperature,  a-10  MPa.  Data  for 
Sadananda  et  alC7]  shown  for  comparison. 
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Ttil*  paper  la  eoocornad  with  the  processing  aad  mchanlcal  propart laa  of 
Intemetallle-natrir  coopoaltaa .  The  effects  of  processing  variables  on 
fabrication  of  compounds  including  RijAl,  *1A1,  TiTaAl,,  Nodi,  and  tholr 
composites  ia  described.  A  koy  concern  ia  with  processing  affacta  on 
nicroatructura ,  aoioetion  of  compatible  car  mi  c  rainforcing  ptiaeaa,  and  whiahor 
alignaant  through  in  )  act ion  aolding. 


Internets! lie  compounds  with  low  danaitioa  (<7.o  g/ca1)  aad  high  aolting 
tanparatura*  (»1*00*C)  art  attract ita  tor  potoatial  high  tanparatura  atructural 
applicationa.  Iowa tar,  bafora  thoao  compounds  can  bo  exploited  for  thia 
purpoaa  tbair  low  toughnasa  aad  inadaqaata  croap  etrongth  auat  bo  iaprovod. 
Coapoeits  atroagthaoiag,  ia  particular  in  tbo  torn  of  fibrooa  ralnforcanant, 
ia  an  approach  that  can  laprnva  both  toughnaaa  aad  craop  atrongth.  Thua,  tha 
fabrication  aad  propartiaa  of  iatonaotallie  natria  coopoaltaa  ara  under  intanaa 
investigation,  aa  ovldnaood  by  a  racont  tutorials  beaoareh  Society  eonforonea 
devoted  to  tbo  subject  [1]. 

to  data,  intaroatallic  natria  eoapoaitaa  ia  our  laboratory  aad  olaowhoro 
hara  largely  boon  fabricated  by  ponder  metallurgical  taehalgaaa.  Thera fora, 
this  paper  will  aopbaalao  various  powder  consolidation  net bods.  Tha 
preparation  of  intaroatallic  natria  composites  by  liquid  or  vapor  routes  has 
boon  described  ia  a  tooaat  review  paper  (2d]  aad  ia  aovoral  other  chapters  of 
rof.  1. 

Table  I  ia  a  smnary  of  powder  prooooaiag  tochnlguoo  that  have  been 
applied  to  XHC's.  aotaworthy  ia  tba  use  of  both  olanantal  powders  (reactive 
sintering  or  reactive  dXPlag)  as  wall  aa  pcoalloyod  powders.  Hoot  of  these 
techniques  have  base  applied  to  aluniaidaa,  although  considerable  attention  has 
boon  devoted  aloe  to  Nodi..  The  proport  loo  of  alloys  to  bo  described  la  this 
paper  ara  listed  ia  Table  XI. 


Oar  remarch  baa  aaphaalaad  reactive  a intaring  tor  foroiag  several 
alunlaidoe  aad  tbair  ooapooltae.  Naaetlvo  siatariag  (2,J|  involves  reacting 
olanantal  powders  to  torn  tbo  daeired  oonpoond.  Open  hasting  a  powder  mixture 
to  tho  lowest  liquidus  tonporaturo  (a wanly  either  a  eutectic,  or  waiting 
tanporaturo  of  oao  of  tha  ooastltaaata)  a  transient  liquid  foens.  Thia  liquid 
rapidly  epreade  through  the  oenpenont,  nnnoanlng  tbo  ol mental  powders  aad 
precipitating  a  solid  intemstal lie  coopouad.  no  driving  force  for  this 
process  is  tbo  tbomodynanie  stability  of  tbo  high  aoltiag  tonporaturo  of  tho 
intomodlato  oonpouad.  Oonooquoatly,  thooo  reactions  ara  erotheralc  in  nature, 
which  results  in  tho  tonporaturo  of  tho  rimpnnsnt  boiag  sintarod  to  bo  markedly 
increased.  Thia  process  is  spontaneous,  salf  driving  and  persist  only  for  a 
few  seconds)  it  has  also  boon  tamed  in  tho  literature  aa  high  tanparatura  self 
propagating  synthesis) add) .  bike  other  transient  liquid  phono  • intaring 
trearnants  tbo  liquid  pcuvlduu  a  capillary  force  on  tba  structure  which  leads 
to  danalflcatlon  («).  dewovnr.  if  tho  aelubilitiao  are  unbalanced,  swelling 
eaa  occur  duo  to  tba  fotnatioa  of  Kirhaadall  porosity. 

da active  aynthouta  is  ideally  suited  for  a  ay at  aw  in  which  tho  lowest 
liquidus  tanparatuin  ia  an  eutectic,  each  aa  tba  N1HU  ayatan  (Pig.  la). 
Notice  that  as  ai  diffuses  into  hi,  tho  liquidus  tonporaturo  initially 
decreases)  therefore,  diffusion  will  onhanon  tho  formation  of  a  liquid  phaaa 
aad  tha  eonpoondo  in  this  syvtan  ara  readily  formed,  in  a  ayatan  in  which  tha 
lowest  liquidus  tanporaturo  la  tho  aoltiag  tanparutu re  of  one  of  the 
oonotituant  ol  musts,  such  so  in  Ti-Al  (am  Pip.  lb)  diffusion  tnpadsa  tba 
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foraation  of  the  liquid  phasa  (3).  Aa  Ti  diffuaaa  into  A1  notica  that  tha 
liquidus  temperature  ia  ineraaaad;  tharafora  tha  reactive  synthesis  of 
coo  pound!  ia  inhibited.  Thus,  reaetiv*  aintarinq  ia  aanaitiva  to  processing 
paraaatara  auch  aa  haatinq  cataa.  intarfaeial  elaanlinoaa.  qraan  danaity,  and 
partiela  aiaa.  Secause  of  tha  rapid  apraadinq  and  raaetion  of  tha  liquid,  pora 
foraation  at  prior  partiela  boundariaa  ia  ceamon,  aapacially  in  ayataaa  with 
larqa  partiela  alaaa  and  larqa  axotharma.  furtharaora,  diaanalonal  control 
proves  difficult  if  an  axeaaa  of  liquid  ia  foraad.  Sacauaa  of  auch  problaaa, 
tha  applieationa  of  raaetive  aintarinq  have  bean  Halted.  However,  aa 
daaonatratad  hare,  tha  procaaa  la  wall  auitad  to  forainq  danaa  intaraatallic 
eoapound  coopoaita  atructuraa. 

Reactive  aintarinq  has  bean  applied  in  varioua  foraa  to  produce 
coapoaltaa  baaed  upon  NiAl,  NijAl,  TaAlj,  HbAlj  and  TiAl.  In  one  variant, 
eoapound  foraation  and  danaifieation  ia  achieved  in  aaparata  atepe  by  aixinq 
alaaantal  powders,  reacting,  pulvariaatlon  (grinding) ,  caotpactlon,  and 
aubaaquent  aintarinq.  Variationa  on  thia  baeic  achaaa  involved  hot  praaalnq 
and  praaaura  aaaiatad  aintarinq.  Stoichioaatry  control  ia  important  and  if 
often  achieved  uelnq  an  axeaaa  of  tha  more  volatile  inqredient  or  Intermediate 
chemical  leaching  to  r amove  unraactad  conatituanta.  Tha  currant  reactive 
aintarinq  approach  cireumventa  thaee  problaaa  by  uainq  commercial  alaaantal 
pewdara,  low  proceaalng  taaparaturea,  abort  procaaa  cyelea  with  a  claaaic  praaa 
and  aintar  technology.  Small  particle  aixaa  qenerally  proved  aoet  uaeful 
12,6,71. 

To  data,  aoat  work  in  our  laboratory  on  reactive  aintarinq  of  compoaitea 
has  baen  carried  out  on  tha  NLAl-TiB,  system.  In  qeneral,  tanslla  or 
compressive  strength  ia  auch  improved  by  tha  addition  of  up  to  aOvvriB,; 
however,  toughening  cannot  ba  achieved  by  tha  use  of  brittle  particles,  so  we 
have  devoted  recent  efforts  to  preparing  fibrous  composites,  utllixing  A1,0, 
reinforcements.  ‘ 

Recently,  we  have  noted  an  apparent  'dispersion  softening*  affect  in 
HiAl-TiSj  to  which  Hf  has  been  added  for  solid  solution  strengthening  of  the 
matrix,  see  rig.  2.  Rote  that  although  Til,  strengthens  Rill,  it  weakens 
NiAl+Hfi  similar  results  have  been  reported  for  ZD  HiAl/ni-AlTl-Tia, 
compoaitea,  by  Mhittanberger  at  al  |IJ. 

Tha  diapers ion  weakening  phenomenon  occurs  in  highly  creep- resistant 
alloys  between  0.3  and  0.7  Ta.  Bdwarda  at  al  (31  theorised  that  the  particle- 
matrix  interface  harness  a  source  of  mobile  dislocations  which  leads  to  the 
weakening  phenomenon.  The  creep  resistance  of  NiAl  haa  been  markedly  improved 
by  alloying  with  Hf,  with  creep  resistance  approaching  that  of  Hi  base 
auperalloys  (10). 

Al.Ti  alloys  to  which  It  Cr  haa  been  added  to  produce  a  fee  structure 
have  been  reinforced  with  10  and  30v»  chopped  A1.0,  fibers  through  reactive 
Hiring  (111 .  Compressive  yield  strengths  of  the  aatrlx  are  increased 
appreciably  by  the  presence  of  30vtAl,0,  at  23  and  *00*c,  tha  only  temperatures 
at  which  samples  have  been  tested,  sma  rig.  3a).  However,  ultimate  strengths 
in  compression  are  actually  decreased  at  233c  and  are  little  different  than 
that  of  the  awtrlx  at  400  and  600*C,  as  shown  in  rig.  3b.  Thia  indicates  that 
tha  randomly  oriented  fibers,  by  acting  as  crack  initiators,  decrease  the  load 
carrying  capacity  of  the  matrix.  Similar  effect*  had  been  noted  previously  in 
random  short  fiber  eaaposltes  of  NljAl  with  rr  ai2o,  ( 12 1 . 

TAILS  I 
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0022 

1550 

6.90 
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MoSig 

Cm 
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6.3 
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•)  b) 

rig.  1.  Mechanical  propart lam  ot  Al,Ti,Cr-»l,0,  coapos 
a )  cotWMtw  yt«M  itn«  n.  tafuitiut. 
blritmint  ultimate  itnn  w.  tMftritun. 


rams  imjbctxom  wuan  irai) 

Onleea  NMttf*  lUtvbg  is  caatoin—  with  a  layup  ot  fibers  or  • 
preform,  alignment  ot  eoatisao—  (iters  is  not  achievable.  Itow—,  align— 
short  (iter  map  n  altos  esn  to  Bate  hr  cote  in  lag  powder  injection  Bolding 
(so— ar  aatrusioo)  with  a  subaa—ant  reset i vs  a  intaring  or  airing  eyels 
13,1,11].  Tta  aatlwxl  eoraists  ot  pa— ing  a  teat—  aiatura  ot  a  poly— rie 
b inter,  a  aatrls  in  po— or  (on  a—  ctepp—  (iters  through  a  tapar—  din  to 
achieve  align— ot .  Tbs  taeteig—  bas  ha—  appli—  to  a  ml,  —Si.  a—  Al.Ta  ban 
nnapoait—  rain(oro—  with  A1.0,  (iters,  tapar iaantal  details  ara  report— 
alsawbaaa  Ill].  M((loa  it  to  nota  bars  that  eoaplata  bindar  removal  is 
orltisal  to  avoid  contamination  ot  tte  alley. 
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fart  ru  a  ion  ia  parfor— d  at  tamperaturoe  above  tba  softening  point  of  the 
poly— r  binder.  Witn  tha  propar  die  design  complex  ahapaa  can  ba  fabcieatad. 
However.  tha  aajor  shortcoming  of  tba  aathod  ia  that  continuous  coapoaitaa 
cannot  ba  producad. 


HIM  »ii«  rrmniim 

MAi  rainf oread  with  lSvtAl.O,  fibara  producad  by  extruding  froa  a  aaali 
dia  and  CXPlng  tha  wiraa  together.  Poroaity  raaaina  in  tha  aicroatructura 
aftar  reactive  sintering  indicating  that  praaaura  ia  nacaaaary  to  eonaolidata 
tha  coapoaitaa.  A  HIP  cycla  prowad  aufficiant  for  danaification,  aaa  Pig.  4. 

Piguraa  Sa)  and  b)  ahow  aicroatructuraa  of  aa-HIPad  MAI  rainforcad  with 
10  and  20wt  Al.O,  fibara  raapactiwaly.  txtruaion  waa  parforaad  with  a  larga 
dia.  which  avoid—  aiaaiigaaant  dua  to  CIPing.  An  ineraaaad  number  of 
aiaalignad  and  aggloaaratad  fibara  ia  praaant  in  tha  eeapoaita  with  20va  Al.O,. 

A  longitudinal  aaction  of  HiAl-JOwtAlyO,  ia  ahown  in  Pig.  6a).  Kota  that 
tha  aorphology  of  tha  fihor  anda  ia  aithar  conical  or  aguara.  Thia  indicataa 
that  tba  align— nt  ia  not  par  fact,  if  too  pareant  align— nt  existed,  all  tha 
fibar  anda  would  ba  aquara  if  tha  aaction  waro  cut  in  tha  plana  of  tha 
axtruaion  diraction  or  eonical  if  tha  aaction  wara  not  in  piana.  for 
eoapariaen,  a  aicroatructura  of  Al.Ta  rainf oread  with  40w«  Al.O,  fabric a tad  by 
Anton  (14)  by  hot  praaaing  and  aaetienad  at  API  ia  ahown  in  Pig.  4b).  Suporior 
align— nt  waa  obtained  by  tha  hand  layup  technique  of  Anton.  Another  feature 
to  notice,  froa  tha  aicroatructuraa  in  Piga.  6  ia  tha  nuabar  of  broken  fibara 
that  reault  froa  powder  procaaaing.  It  appaara  that  — ra  fibara  are  daaagad 
ia  coapoaitaa  fabricated  by  PIH  than  by  tha  hand  layup  technique. 

Piguraa  4  through  6  indicate  that  raectiwe  eyntheaia  coupled  with  PIN  ia 
a  viable  route  for  tha  cocuclidat ion  of  tbeae  coapoaitaa.  The  effectivenee a 
of  abort  fibara  in  iaprowing  tha  aachanical  propart iaa  of  MAI  waa  deterainad 
by  te—  ila  taata.  Tanaila  bare  ware  alactrodiacharpa  aachinad  (BM)  froa  hiai- 
1Sw«  AIjOj  Bit  bare.  Taata  were  parforaad  in  air  at  a  atrain  rata  of  1. 47xl0‘* 
a—'1  on  a  aarwohydraulic  machine.  Aeeulta  at  400*c,  which  ia  above  tha 
ductile  to  brittle  tranaition  for  reaetively  tyntheeiaod  MAI  [4]  are  reportad 
in  Table  III.  —at  ineraaaaa  in  atrangth  reeulted  from  tha  fibara,  but  tha 
ductility  waa  markedly  radacad.  Practuro  aurfac—  for  MAI  and  tha 
conpoaita  are  ahown  in  Piga.  Ta>  and  b),  raapactiwaly.  fiber  pullout  ia 
prewalaet  in  tha  comp— ite,  with  ae—  fibara  being  totally  a  operated  from  tba 
matrix.  It  appaara  that  at  thia  tamperature  a  weak  interface  —lata  between 
tha  fib—  and  matrix.  — w— ,  a  etroog  interface  ia  required  for 
atrangth— ing  a  ductile  — trix  by  a  brittle  fib—.  below  tba  ductile  to 
brittle  tranaiti—  (<?00*C)  (4),  MAI  falle  by  brittle  cleawago  (Pig  ba).  Tha 
atr— e-atrain  curve  of  tho  conpoaita  alao  raaa— led  that  of  a  brittle  material, 
however,  fib—  pullout  waa  obaarwad  on  tha  fracture  a— face  (Pig.  bb).  Tha 
cl—  ehall  mark  Inga  initiating  from  tha  f  iba ra  —  tha  fracture  a— face  auggeata 
that  fib—  failure  eauaad  fracture,  indicating  a  etrong  bond.  Al—,  tha 
aap— at  ion  bat—  tha  —trix  and  fibar  ia  not  aa  axtanaivo  aa  it  ia  at  B00*C 
(compere  Piga.  7b)  and  bb),  indicating  that  tha  atrangth  of  tha  int— face 
ineraaaaa  with  dacraaaing  tamp  4  nature,  compoeita  propart  tea  al—  —a  governed 
by  tha  atrangth  of  tho  fib—  —trix  int— fa— .  A  weak  int— fa—  ia  no— aaary 
for  improve— ota  ia  tougha— a  for  a  brittle  fiber-brittle  —trix  camp— ite. 
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.  S  Cross  ssetion  of  aLAl-Al.a,  coapositas  a 
din  plus  Biting.  a)10T%AIj0j  b)20»»AljOj 


producsd  by 


•  4  100  u m 
aiding  In  «  lsrgo 


•  )  b| 

tig.  «.  Longitudinal  soctlon  of  eoapoaltas  producsd  by  dlffsrlng  tochniquas 
s)Bini-»l20j,  Injection  noldlng  blUjIi-Al^Oj,  reactive  hot  grossing . 


lnnTT  llr  l  Ml 

TABU  III 

iBBdfanht  PracBsii 

id  NiAl  Mm 

ffy* 

UTS 

Reduction 

(MPal 

(MPa) 

Area  (%) 

NiAl 

135 

154 

14 

NiAl  15v%  AI2O3  RbOf* 

142 

163 

3 

NiAJ  20v%  T»82  PnrticJss 

190 

207 

12.5 

Pig.  7  Fracture  iucUcm  at  800°c  a)NlAl  biaiAl-lSvtkljOj  coapoaite. 


a)  b) 

rip.  •  Fraetura  aurfacaa  at  700*c  at*ua  biHikl-lswixi^  coapoaita. 

Included  in  Tabla  XXX  ara  valuea  of  atrangth  and  ductility  for  H1A1 
rainforcad  with  JOrt  Tib,  partielaa  (13«a  in  aima)  fabricatad  by  reactive 
aynthaaia  (•).  It  would  appear  that  TIB.  partielaa  ara  aora  effective  in 
improving  high  taaparatura  atrangth  than  the  abort  AljOj  fibar. 


HfUljUW  AMMltM 

Tha  aicroatructura  of  NoSi.  rainforcad  with  20v%  U.0,  ia  ahown  in  rigura 
f.  Dua  to  lack  of  aatorial  only  aaall  apaciaona  could  be  produced  by  tha 
eatruaion  and  CIP  Method.  Boon  taaparatura  hardneaa  raaulta  indicate  that  A1,0, 
night  iaprOTU  tha  toughnaaa  of  HOBi..  Tha  hardneaa  lap  rowed  frea  B7.C  to  90.2 
on  tha  Bockuall  aealo  with  tha  addition  of  tha  aligned  fihara.  Hardneaa 
valuea  for  powder  piocaaead  Mali,  have  bean  reported  to  range  froa  BO  to  B7 
Bockuall  (IS, IB].  Pig.  10a)  and  b)  a  how  the  actual  indentatione .  while 

ereeka  propagated  froa  the  hardneaa  indentation  in  the  ceapoeite  apeclaen,  abaent 
were  large  cratera  of  fractured  aatorial  oboe rued  in  tha  matrix.  Theme  raaulta 
indicate  that  the  DuPont  PP  fibera  aay  improve  tha  fracture  toughnaaa  of  MoSi,. 
Attempts  to  obtain  fracture  toughnaaa  valuea  froa  Vickera  hardneaa  indentationa 
failed,  aa  cracka  did  net  propagata  froa  the  indentationa. 


rig.  10 


e> 


b) 

OMOOI}  blMoCij-JUjO, 


TOtlili  —  — ufl— ill 

TUi  allot  la  a  no  phaoo(e‘»v )  Mtlratlra  of  U.I|.  Da  aonolitblc  alloy 
and  ita  eoapooltso,  aaa  rig.  11,  vara  IIM  in  steialboo  mal  caaa  at  12S0*C, 
172  MPa  praaaura  for  2  hours.  beta  that  good  aligaaaat  of  rwn  1M  *1.0,  fibers 
la  achieved,  Pig.  11a),  but  that  aoaa  aggloaaratloo  of  flbara  baa  occurred.  Pig. 
lib)  abowa  that  tba  flbara  and  aatrla  do  not  aigaiflcaatly  raact  with  oach  othar. 
Coagraaaira  properties  of  TaTlAl,  aad  a  eoagoaita  with  lOwthljO,  partielas  <<SiO 
are  -shown  la  Pig.  12.  dota  that  tba  part  Ida#  atraagthan  add  also  appaar  to 
toagbaa  tba  aatrla.  Thlo  aarprialag  raault,  which  cannot  bo  attributed  to  a 
grain  ra fining  of fact,  aaada  to  ba  verified  by  further  work.  Tana i la  tecta  on 
thla  ay at aw  are  planned  for  the  near  future. 


OIWCOMtOW 

Certain  ode ant ague  aad  diaadrantagaa  arc  Inherent  in  powder  procooaiag. 
Tba  eoet  notable  advantage  ia  ouch  lower  furnace  taoperaturea  than  required  for 
awltlag  (even  though  oaot  hemic  react  Iona  any  drive  tba  coopact  tawperature  to 
wall  above  tba  onltlag  point).  In  addition,  powder  procooaiag  ia  flexible,  in 
that  a  raaga  of  alaaa  aad  ahapaa  can  bo  produced  froo  either  eleoaatal  powders, 
which  are  aheap,  or  prealloyed  powder a.  which  are  not.  *lao.  the  powder  process 
provider  finer  grained,  none  hoaogssaosa  anterial  than  can  be  eebieved  in  eoet 
eelting  proeeeeee.  with  anisotropic  alloys  such  as  aoo-cuble  Modi,  and  *l,Ta, 
pooling  of  powdor  ocopacta  with  littla  or  no  cracking  ia  possible,  while  arc 
aaltad  huttcea  of  thaao  alloys  are  prone  to  cracking. 

Three  advantagaa  are  somewhat  ecuaterbalaaced  by  the  increased  likelihood 
of  I  anocpacatlng  imparities,  aopaclally  Bay  pen,  that  can  ba  vary  datriaantal  to 
aaehaalaal  hobavior.  Porosity  caa  bo  a  problem,  put  ia  usually  aaaily  ovurcane 
by  WXWlag.  Tba  fine  grain  alaa  Inherent  with  powder  proceeelag  la  advantageous 
fa*  low  temperature  otroagtb  aad  toughness,  hut  is  nndao treble  for  good  high 


9*7 


**J**»*“E*  '••^stance.  «**»rth»i«ii,  the  inherent  versatility  of  powder 
5f  V*V  has  led  to  the  many  innovative  technique*  that  hare  been  applied  to  or 
developed .for  Intermetallie  eatria  coepoaitea.  ue  shall  now  conaider  •pacific 
••P*®**  °<  wanoua  proceaaea  deacrihed  aarlier.  1 


aeactlre  S  intense 

The  key  to  auceaaaful  reactive  conaolidation  la  the  uae  of  fine  powder*. 
ealatence  of  a  finite  controllable  Mother*  and  the  lack  of  foraation  of 
intervening  compounds  (*a  in  the  kl-Tl  ayatae  cited  above),  when  full  denaity 
i*  not  achieved  by  reactive  tinkering,  aubaequent  conaolidation  by  HIP  can  b* 
eaployed,  although  in  thaaa  caae*  a  aingle  atage  RHJP  operation  ia  eor* 
efficient.  However,  HHXP  material  tend*  to  be  leae  homogeneous. 


Injection  Molntno 

Injection  adding,  coupled  with  reactive  aintering  or  RIPing, 
to  provide  near  perfect  alignment  and  full  denaity  for  Hikl,  Modi,  and  TaTihl 
composite*.  However,  the  eethod  suffer*  froe  several  ahortcominga.  These  includi 
the  need  for  fins  spherical  powders,  proper  selection  of  binder,  complete  binder 
cewoval,  and  one  or  eor*  post  extrusion  steps.  In  addition,  only  short  fiber 
reinforcement  is  possible,  and  the  fibers  may  be  cracked  during  molding 
nevertheless,  the  process  offara  the  potential  for  near-net  shape  processing  of 
test  upeciaana  and  of  larger  parts,  aueh  aa  turbine  airfoila.  The  effectiveness 
of  short  fibers  aa  strengthaoers  and  toughness  enhancers  has  not 
onatratedf  testa  are  planned  in  the  near  future. 


has  proven 


yet  been 


Other  Powder  Prnrsaaifu.  Technim.ee 

W*  now  consider  other  powder  approaches  to  consolidation  of  Hikl  and  Host, 
matrix  composites.  The  XD  process  developed  by  Martin  Marietta  has  general  y 
to  P«*uc*  multiphase  alloy  powders  which  are  subsequently  hot 
pressed  to  full  denaity.  The  process  can  incorporate  both  trd  (strengthening: 
and  soft  (toughening)  phases  of  various  sites.  Morph.  >gies  rangingfroi 
“jjl*5?ss  Plstslet*  esn  he  obtained  by  appropriate  procewu  control/  The  most 
coasaon  reinforcement  has  been  Tib.,  which  has  been  incorporated  aa  1  um  die 
pakticles  into  matrices  in  the  fen  of  a  weekly  bonded  compact  117,111. 
other  ceramic  reinforcements  1  carbides,  nitrides  and  suicides,  have 
incorporated  into  Nb-Ti-Al  matrices  (1»).  after  synthesis  the  *»)**  usually 
are  broken  up,  milled  and  than  consolidated  by  hot  pressing  or  MZPing  (20), 


b> 

’•I  cross  section  b)  react ion- 


••• 


rig.  12 


Conpr— sire  Properties  vs. 
conpoeita. 


tanperature  (or  TaTiAlj-AljOj  particulate 


Kaape  et  al  (21}  Have  shown  that  randan  short  fiber  re  Inf  ore— ants  of 
(Ti,Hb)B  provide  higher  yield  and  creep  strengths  but  lower  ductility  than 
particulate  reinforce— nts  of  TIP.  in  TIAl-base  caapoeltes.  In  our  own  work,  on 
X1A1,  Table  III.  aligned  fibers  did  not  provide  higher  strength  than  particles. 
Since  lSvt  Al.O,  fibers  In  PIA1  were  eoapar—  with  20vt  TIB,  particles  m  Table 
XXX,  the  relative  nerlt  of  particles  vs  aligned  or  randon  fibers  of  the  ■— a 
reinforce— nt  cannot  yet  be  established. 

Petrov Ic  and  Boanall  (32)  have  extensively  studied  the  nachanleal 
properties  of  hot  pressed  Hodl^  reinforced  with  B1C  whiskers.  The  strength  of 
Modl|~base  conpoalt—  can  be  further  strengthened  by  alloying  with  MSI,.  Anton 
(14)  has  utilised  vaeuua  hot  pres slog  of  reactive  powders  with  continuous  41*0. 
fibers  to  ford  full  density  conpoeltes  that  are  stronger  and  tougher  than 
unreinforced  AljTa. 

The  processes  described  above  have  al— at  exclusively  been  applied  to 
irnapnslt—  strengthened  by  brittle  ceranlc  particles  or  fibers.  However,  several 
teohnlgues  have  bean  utilised  to  Incorporate  ductile  particles,  fibers  or  tubes 
into  a  brittle  natrlx  so  as  to  lap—  toughness.  A  few  ex— pies  follow! 

Hot  pc— Sing  of  prealloy—  powders  has  be—  utilized  to  prepare  ductile 
phase ■  toughen—  alloys  such  —  Xb.SL.-Kb  (231,  yTlAl-Tl-33a«Hb  [24 1  and  HoSl,-nb 
(21].  Pita—  a—  —ole  (37)  utilised  Mb  wires  to  reinforce  HoSl,.  The  latter 
— there  el  vert  ML  a—  Mode,  powders  a—  prepegs  of  Xb  wlr— ,  proper—  by  a 
slurry  t— hnlg— .  The  prieary  role  of  the  soOe.  was  to  reduce  sintering 
taoporatur— ,  bet  It  al—  —wad  to  ell— te  t—  pan  (anbrlttla— nt)  reaction. 
I sprue—  bo—  Strength  was  obtain—  with  —  ly  one  or  two  layers  of  the  Xb-wlre 
prep— s  —  the  te— lie  side. 

A  on—  1  nation  of  ductile  pha—  toughening  and  hard  particle  strength— lag 
has  bo—  reported  by  Hardo—  [28, 2f).  Thin -wall—  tub—  of  ductile  —tala  have 
bo—  els—  with  powders  a—  a  binder  to  produce  —  ltlpha—  alloys  capable  of 
stopping  creeks  In  non  th—  o—  direction,  conpoe it—  of  HlAl*B(C/304  tub—  and 
MoeL,+Al-0./Xb-l%lr  tub—  have  be—  producer  with  substantial  Increases  in 
tougnaa—  relative  to  the  —  llthlc  —trie—. 


— v— al  powder  consolidation  —the—  have  be—  deecrib— ,  with  snphssle  — 
reactive  pro  OS—  leg  and  powdsr  Injection  —  ldlng.  Denv  Iflcation  during  reactive 
consolidation  has  bo—  appll—  successfully  to  several  alunlnld—  and  has  the 
potential  te  —  us—  for  otter  inter— tall  ic  ay  era— .  Pull  da—  tty  oft—  lo 
achisv—  only  wten  KXPlag  la  a— ley—  suteoquont  to  or  concurrently  with  reactive 
slnt— lag,  sop—  lolly  la  syst—s  with  s  weak  soothe—  or  in  two— pha—  systa— . 


phase  systems.  utetln  sintering  is  favored  also  by  tba  uaa  of  fins  powders 
and  eontrellad  atmospheres.  Reactive  Hiring  of  injection  aoldad  fibroua 
composites  ia  a  faaalbla  aacbod  of  producing  alignad  intamatailic  matrix 
eoapoaltao.  Mechanical  proparciaa  of  HiAl-Til.  coapoaitaa  praparad  by  reactive 
synthesis  coapara  vail  with  propartiaa  achieved  by  othar  powdar  proeaaaaa. 
Mo»i,-Al,0j  abort  fiber  coapoaitaa  are  both  alignad  and  fully  denae  after 
injection  molding  and  appear  to  be  tougher  than  aonolithic  nosi,.  Injection 
molding  ia  adaptable  to  othar  coapoaite  ayataaa  aucb  aa  aiAl-hl.O,  and  TaTiAl,- 
AljOj,  but  aachanical  propartiaa  need  to  be  determined. 


The  authora  are  grateful  to  Professor  R.M.  Oarman  for  helpful 
discussions,  to  Dr.  N.J.  Maloney  of  Pratt  and  Whitney  Aircraft,  w.  Palm  beach, 
PL.  for  eupply  of  MoSi*  powdara  and  to  L.w.  Graham  and  M.  Otauki  for  aaaiatanco 
in  preparing  composite  aatariala.  Thia  raaaarch  waa  aupportad  by  a  DARPA/OHR 
University  Raaaarch  Initiative  under  Contract  M00014-88-R-0770. 
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Abstract 

Several  intermetallic  matrix  compos itas  containing  either 
particles  or  short  fibers  have  been  consolidated  by  powder 
metallurgical  techniques.  NiAl-TiBi  particulate,  NiAl-Alao,  and 
A1,T,-A1,0,  fibrous  composites  have  been  produced  by  reactive 
sintering  while  MoSia-Ala0,  and  TaTiAla-Ala0,  composites  have  been 
fabricated  by  conventional  praalloyed  p/m  techniques.  Injection 
molding  techniques  were  utilized  for  the  alignment  of  short  fibers 
in  MoSia  and  NiAl. 


1.  Introduction 

Intermetallic  compounds  with  low  densities  (<7.o  g/cm’)  and 
high  melting  temperatures  (>1600*C)  are  attractive  for  potential 
high  temperature  structural  applications.  However,  before  these 
compounds  can  be  exploited  for  this  purpose  their  low  toughness  and 
inadequate  creep  strength  must  be  improved.  Composite  strength¬ 
ening,  in  particular  in  the  form  of  fibrous  reinforcement,  is  an 
approach  than  can  improve  both  toughness  and  creep  strength.  Thus, 
the  fabrication  and  properties  of  intermetallic  matrix  composites 
are  under  intense  investigation,  as  evidenced  by  e  recent  Materials 
Research  Society  conference  devoted  to  the  subject  [1]. 

To  date,  intermetallic  matrix  composites  in  our  laboratory  and 
elsewhere  have  largely  been  fabricated  by  powder  metallurgical 
techniques.  Both  elemental  powders  (for  reactive  sintering  or 
reective  HXPing)  es  well  as  prealloyed  powders  have  been  utilized. 
Most  of  these  techniques  have  been  applied  to  aluminidee,  although 
considerable  attention  has  been  devoted  also  to  MoSi..  The 
properties  of  alloys  to  be  described  in  this  paper  are  listed  in 
Table  l. 


2.  Reactive  Processing 

Our  research  has  emphasized  reactive  sintering  for  forming 
several  aluminides  and  their  composites.  Reactive  sintering  [3,4] 
involves  reacting  elemental  powders  to  form  the  desired  compound. 
Upon  heating  a  powder  mixture  to  the  lowest  liquidus  temperature 
(commonly  either  a  eutectic,  or  melting  temperature  of  one  of  the 
constituents)  a  transient  liquid  forms.  This  liquid  rapidly 
spreads  through  the  component,  consuming  the  elemental  powders  and 


TABLE  1 


Compound 

PROPERTIES  OP 

INTERMETALr.-rrs 

STUDIED 

Modulus 

GPa 

Crystal 

Structure 

Melting 

Point  *C 

Density 

g/cm* 

NiAl 

B, 

1640 

5.86 

177-294 

TaTiAl* 

n 

a» 

O 

Q 

1800 

o 

o 

It 

- 

MoSi, 

Cil 

2030 

6.3 

359 

Al,Ti,Cr 

LI, 

1340* 

3.37* 

- 

*  Values  are 

for  binary  Al,Ti 

precipitating  a  solid  intermetallic  compound.  Tha  driving  force 
for  this  process  is  the  thermodynamic  stability  of  the  high  melting 
temperature  of  the  intermediate  compound.  Consequently,  these 
reactions  are  exothermic  in  nature,  which  results  in  the 
temperature  of  the  component  being  sintered  to  be  markedly 
increased.  This  process  is  spontaneous,  self  driving  and  persists 
only  for  a  few  seconds.  Like  other  transient  liquid  phase  sintering 
treatments  the  liquid  provides  a  capillary  force  on  the  structure 
which  leads  to  densification  [2].  However,  if  the  solubilities  are 
unbalanced,  swelling  can  occur,  due  to  the  formation  of  Kirkendall 
porosity. 

Reactive  sintering  has  been  applied  in  various  forms  to 
produce  composites  based  upon  NiAl,  Ni,Al,  Taxi,,  NbAl, ,  TiAl  and 
Al.Ti.  Zn  one  variant,  compound  formation  and  densification  is 
achieved  in  separate  steps  by  mixing  elemental  powders,  reacting, 
grinding,  compaction,  and  subsequent  sintering,  variations  on  this 
basic  scheme  involved  hot  pressing  and  pressure  assisted  sintering. 
The  current  reactive  sintering  approach  uses  commercial  elemental 
powders,  low  processing  temperatures,  short  process  cycles  with  a 
classic  press  and  sinter  technology.  Small  particle  sizes 
generally  prove  most  useful  [3]. 

3.  Particle-Reinforced  Compos  if 


NiAl-IlB, 

To  date,  most  work  in  our  laboratory  on  reactive  sintering  of 
composites  has  been  carried  out  on  the  NiAl-TiB,  system.  In 
general,  tensile  or  compressive  strength  is  much  improved  by  the 
addition  of  up  to  40v%TiBt.  However,  toughening  cannot  be  achieved 
by  the  use  of  brittle  particles. 

Recently,  we  have  noted  an  apparent  "dispersion  softening" 
effect  in  NiAl-TiB*  to  which  Hf  has  been  added  for  solid  solution 
strengthening  of  the  matrix,  see  Pig.  1.  Note  that  although  TiB, 
strengthens  NiAl,  it  weakens  NiAl+Hf;  similar  results  have  been 
reported  for  XD  NiAl/Ni*AlTi-TiB,  composites,  by  Nhittenberger  et 
«1  [«]. 
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The  dispersion  weakening  phenomenon  occurs  in  highly  creep* 
resistant  alloys  between  0.3  and  0.7  t..  Edwards  et  al  [5] 
theorized  that  the  particle-matrix  interface  becomes  a  source  of 
mobile  dislocations  which  leads  to  the  weakening  phenomenon.  The 
creep  resistance  of  NiAl  has  been  markedly  improved  by  alloying 
with  Hf,  with  creep  resistance  approaching  that  of  Ni  base 
superalloys  [6]. 


Fig,  1  Compressive  flow  stress  vs.  temperature  for  several 

NiAl  alloys. 


TaTlAl.  Rase  Compositee 

TaTiAl,  is  a  two  phase  (c'+Y' )  derivative  of  Al,Ta.  a' 
consists  of  Ta.Al  alloyed  with  Ti,  while  y'  i*  TiAl  alloyed  with 
Ta.  Prealloyed  TaTiAl,  powders  were  KZPed  in  304  stainless  steel 
cans  at  1250*C,  172  MPa  pressure  for  2  hours.  The  resultant 

microstructurs  is  shown  in  Fig.  2a.  TaTiAl,  reinforced  with  fine 
( "Sum)  A1,0,  particles  also  were  consolidated  employing  the  above 
conditions  (Fig.  2b).  Compressive  properties  vs  temperature  for 
these  two  alloys  are  shown  in  Fig.  3.  Note  that  the  particles 
strengthen  and  also  appear  to  toughen  the  matrix.  This  surprising 
result,  which  cannot  be  attributed  to  a  grain  refining  effect, 
needs  to  be  verified  by  further  work.  Tensile  tests  on  this  system 
are  planned  for  the  near  future. 

4.  Random  Fiber  Compoeitee 


Ai.TlrBase  Comnoaitee 

Al.Ti  alloys  were  produced  by  RHIP  conditions  at  1270*C.  A1,T1 
is  a  tetragonal  compound  with  D0n  crystal  structure.  In  order  to 
improve  the  chances  for  toughening  of  composites  based  upon  this 
alloy,  9%  Cr  was  utilized  to  stabilise  the  fee  LI,  structure. 
X-ray  results  verified  the  achievement  of  this  structure. 


49? 


o  a 


The  addition  of  randoa  shoflr  fibers  of  FP  A1,0,  results  in 
»ppreeiable  strengthening  but  severe  loss  of  ductility  at  25*C,  see 
ig.  5.  At  600“C ,  fibers  do  not  strengthen  nearly  as  much,  but  the 
iuctility  loss  is  again  veqfc severe ,  also  shown  :tp  Fig.  i.  These 
^Dservatios^  suggest?  that  'Ahdomly  oriented  fiBVts  act  as  crack 
.nitiators,  thereby  decreasing  the  load  carrying .capacity  of  the 
natrix.  Similar  results  have  been  obtained'  previgptiy  with  randoa 
snort  fibers  of  FP  Al,0,  in  Ni,Al  [7], 


Temperature  (C) 


Fig.  4:  nxgh  temperature  compressive  properties  of 
AauCr.Ti,,  RHXPed  at  1250*C. 


Aligned  short  fiber  composites  chn  lap  made  by  combining  powder 
infection  molding  (powder  extrusion)  with- a  sjaisgpsnf  reactive 
sintering  or  HIPing  cycle  [8-iOJ.  The  method  consists  of  peeslng 
a  heated  mixture-  ctf  s  polymsric  ninder ,  a  matrix  in  powder  fore  end 
chopped  fibers  through  a  tapered  die  to  achieve  alignment'/.  The 
tmnigua  has  been  applied  to  HlAl,_  Modi*  and, Al ,7s  base  coapSKitew 
reinforced  with  A1,0,  fibers,  htyeiri mental  details  are  reported 
elsewhere  [10].  Suffice  it  to  note  here  that  complete  bindea 
removal  is  critical  to  avoid  contsminatuksn  .of  this  alloy. 

Extrusion  is  performed  at'*rmaperatures  above  the  softening 
point  of  the  polymer  binder,  with  the  proper- die  design  complex 
shapes  can  be  fabricated.  However/  the  major  shortcoming’  of  ~cne 
method  is  that  continuous  composites  cannot  be  prftueed. 


NiAl  reinforced  with  I^rtAl.O,  fiber  ampere  produced  by 
•xtrudinm^ftro  a-small  die  and  CIPing  the  wire#  ■©gather.  Porosity 
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remains  in  the  microstructure  after  reactive  sintering,  indie,  ting 
that  pressure  is  necessary  to  consolidate  the  composites,  r.  HIP 
cycle  proved  sufficient  for  densif  ication,  see  Fig.  6.  An 
increased  number  of  misaligned  and  agglomerated  fibers  was  present 
in  a  composite  with  20v%  Al.O,. 

The  effectiveness  of  short  fibers  in  improving  the  mechanical 
properties  of  NiAl  was  determined  by  tensile  tests.  Tensile  bars 
were  electrodischarge  machined  (EDM)  from  NiAl-15v%  A1,0,  KIP  bars. 
Tests  were  performed  in  air  at  a  strain  rate  of  1.67x10**  sec'1  on 
a  servohydraulic  machine.  Results  at  800*c,  which  is  above  the 
ductile  to  brittle  transition  for  reactively  synthesized  NiAl  [ll] 
are  reported  in  Table  2.  Modest  increases  in  strength  resulted 
from  the  fibers,  but  the  ductility  was  markedly  reduced. 


CB 
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c 

® 

CO 

-» 

09 
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Fig.  5:  Compressive  properties  of  AlwCr.Tiim/Al.O,  RHIPed  at  1270*C 

and  tested  as  function  of  volume  fraction  of  Al.O,  fibers. 


MoSli  Base  Composites 


The  mi cros tructure  of  MoSia  reinforced  with  20v%  Al*o,  is  shown 
in  Pig. 7.  Due  to  lack  of  material  only  small  specimens  could  be 
produced  by  the  extrusion  and  CZP  method.  Room  temperature 
hardness  results  indicate  that  Alt0*  sight  improve  the  toughness  of 
MoSit.  The  hardness  improved  from  802  to  952  Vickers,  equivalent 
to  87.6  to  90.2  Rockwell  "A”  with  the  addition  of  the  aligned 
fibers.  Hardness  values  for  powder  processed  MoSi,  have  been 
reported  to  range  from  80  to  87  Rockwell  "A"  [12,13].  While  cracks 
propagated  from  the  Rockwell  "A"  hardness  indentation  in  the 
composite  specimen,  large  craters  of  fractured  material  observed  in 
the  matrix  were  absent.  These  results  indicate  that  the  DuPont  FP 
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fibers  nay  saprove  the  fracture  toughness  of  MoSi,.  Attenpts  to 
obtain  fracture  toughness  values  from  micro  hardness  indentations 
failed,  as  cracks  did  not  propagate  from  the  indentations. 


TABLE  2 

Tensile  ProDerties 

of  Reactivelv 

Processed 

NiAl  Matrix 

Composites  -  800*C 

(MPftl 

UTS 

fMPa> 

Reduction  in 
Area  ( X 1 

Nial 

135 

154 

14 

NiAl-15v%Al*0,  Fibers 

142 

163 

3 

NiAl-2<btt  TiB,  Particles 

190 

207 

12.5 

Fig.  6.  NiAl-15v%Al,0j ,  Fig.  7:  MoSi.-ZOvlAltO,, 

injection  molded  injectin  molded 

plus  HZP.  plus  HIP. 


6.  Dissuasion 

Certain  advantages  and  disadvantages  are  inherent  in  ponder 
processing.  The  aost  notable  advantage  is  much  loiter  furnace 
temperatures  than  required  for  aelting  (even  though  exothermic 
reactions  may  drive  the  compact  temperature  to  veil  above  the 
melting  point).  Zn  addition,  powder  processing  is  flexible,  in 
that  a  range  of  sixes  and  shapes  can  be  produced  from  either 
elemental  powders,  which  are  cheap,  or  prealloyed  powders,  which 
are  not.  Also,  the  powder  process  provides  finer  grained,  more 
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homogeneous  material  than  can  be  achieved  in  most  melting 
processes.  With  anisotropic  alloys  such  as  non-cubic  MoSi,  and 
Al,Ta,  cooling  of  powder  compacts  with  little  or  no  cracking  is 
possible,  while  arc  melted  buttons  of  these  alloys  are  prone  to 
cracking. 

These  advantages  are  somewhat  counterbalanced  by  the  increased 
likelihood  of  incorporating  impurities,  especially  oxygen,  that  can 
be  very  detrimental  to  mechanical  behavior.  Porosity  can  be  a 
problem,  but  is  usually  easily  overcome  by  HIPing.  The  fine  grain 
size  inherent  with  powder  processing  is  advantageous  for  low 
temperature  strength  and  toughness,  but  is  undesirable  for  good 
high  temperature  creep  resistance.  Nevertheless,  the  inherent 
versatility  of  powder  processes  has  led  to  the  many  innovative 
techniques  that  have  been  applied  to  or  developed  for  intermetallic 
matrix  composites. 

The  key  to  successful  reactive  consolidation  is  the  use  of 
fine  powders,  the  existence  of  a  finite  controllable  exotherm  and 
the  lack  of  formation  of  intervening  compounds.  When  full  density 
is  not  achieved  by  reactive  sintering,  subsequent  consolidation  by 
HIP  can  be  employed,  although  in  these  cases  a  single  stage  RHIP 
operation  is  more  efficient.  However,  RHIP  material  tends  to  be 
less  homogeneous. 

Injection  molding,  coupled  with  reactive  sintering  or  HIPing, 
has  proven  to  provide  near  perfect  alignment  and  full  density  for 
NiAl ,  MoSi,  and  TaTiAl,  composites.  However,  the  method  suffers 
from  several  shortcomings.  These  include  the  need  for  fine 
spherical  powders,  proper  selection  of  binder,  complete  binder 
removal,  and  one  or  more  post  extrusion  steps.  In  addition,  only 
short  fiber  reinforcement  is  possible,  and  the  fibers  may  be 
cracked  during  molding.  Nevertheless,  the  process  offers  the 
potential  for  near-net  shape  processing  of  test  specimens  and  of 
larger  parts,  such  as  turbine  airfoils.  The  effectiveness  of  short 
fibers  as  strengtheners  and  toughness  enhancers  has  not  yet  been 
demonstrated;  tests  are  planned  in  the  near  future. 


7„.  suaaary 

Several  powder  consolidation  methods  have  been  described,  with 
emphasis  on  reactive  processing  and  powder  injection  molding. 
Densification  during  reactive  consolidation  has  been  applied 
successfully  to  several  aluminides  and  has  the  potential  to  be  used 
for  other  intermetallic  systems.  Full  density  often  is  achieved 
only  when  HIPing  is  employed  subsequent  to  or  concurrently  with 
reactive  sintering,  especially  in  systems  with  a  weak  exotherm  or 
in  two-phase  systems.  Reactive  sintering  is  favored  also  by  the 
use  of  fine  powders  and  controlled  atmospheres .  Reactive  HIPing  of 
injection  molded  fibrous  composites  is  a  feasible  method  of 
producing  aligned  intermetallic  matrix  composites.  Mechanical 
properties  of  NiAl-TiB,  composites  prepared  by  reactive  synthesis 
compare  well  with  properties  achieved  by  other  powder  processes. 
MoSij-AltO,  short  fiber  composites,  are  both  aligned  and  fully  dense 
after  injection  molding  and  appear  to  be  tougher  than  monolithic 
MoSi,.  injection  molding  is  adaptable  to  other  composite  systems 


such^s  NiAl-Al.O,  and  TaTiAl,-Al,0,,  but  mechanical  proparti  as  naad 
to  ba  datarainad.  Al,Ti ,Cr  is  strengthened  by  randoa  A1,0,  fibers, 
but  eoapraaaiva  ductility  is  sharply  raducad. 
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ABSTRACT 

Composite  strengthening  is  bainf  investigated  in  aa  attempt  to  improve  tha 
mechanical  behavior  of  high  melting  temperature  (Ta>  1600*C)  intarmeuilics.  NiAI/TiB., 
NiAI/Al.O,.  MoSiJAl.O,,  and  TaTiAIJALO,  particulate  or  fibrous  composite*  have  been 
lubricated  successfully  by  powder  metallurgical  techniques.  NiaI  matrix  composite*  ware 
consolidated  by  reactive  synthesis  techniques,  while  MoS  .  «nd  TaTiAI.  matrix 
composites  were  consolidated  by  conventional  prealloycu  ->owder  metallurgical 
techniques.  The  powder  injection  molding  technique  ha*  been  ew.jatad  for  the  alignment 
of  short  fiber*  in  these  matrices.  Presented  are  results  of  tension  and  compression  tesu 
performed  on  these  composites. 

INTRODUCTION 

fntermeullic  compound!  are  being  studied  as  possible  high  temperature, 
oxidation  resistant  structural  materials  foraarospaca  and  turbine  applications.  Aluminides 
and  silicidcs  are  particularly  attractive,  with  high  melting  points,  low  density,  high  strength, 
good  corrosion  and  oxidation  resistance,  nonarratagic  dements,  and  relatively  low  cost. 
In  Mime  case*  these  intarmeuilics  exhibit  improved  strength  wuh  emperature  (I).  Most 
importantly,  recent  research  has  demonstrated  improved  ductility  m  some  intcrmetailic 
system*  (2-4).  Thus,  fabncahtliiy  and  reliability  have  been  improved,  leading  to  new 
interest  in  the  use  of  these  compounds  as  matrices  for  composites. 

Melt  processing  technique*  have  proven  successful  for  the  fabrication  of  fibrous 
reinforced  mtermetallic  matrix  composites  (3-K».  However,  as  the  melting  temperature  of 
the  matrix  increase*,  powder  methods  for  consol idabon  of  composites  become  more 
attractive.  Powder  metallurgical  techniques  have  been  successfully  applied  to  fabricate 
aligned,  continuous  fibrous  reinforced  intermetallic  matrix  composite*,  as  has  been 
demonstrated  in  the  Ti,AI ♦  Nb/SiC(SCS-6)  (I  I)  and  AIJa/ALO,  (DuPont  PRD-166)  (12) 
composites.  This  paper  reviews  various  powder  metallurgical  technique*  for  the 
fabrication  of  intermetallic  mains  composite*.  Reactive  processing  as  wdl  as 
conventional  prealloyed  powder  metallurgical  techniques  at*  considered  for  consolidation 
approaches.  Powder  injection  molding  can  he  employed  to  align  short  fibers  in  various 
matnees.  The  effectiveness  of  both  fibers  and  particle*  in  strengthening  these  compounds 
also  is  discussed. 


Advanced  Composite  Matrrinli 
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background 


Reactive  simenng  involves  formation  ofa  transient  liquidphase  (13.14).  The  initial 
compact  is  composed  of  mixed  elemental  powders  which  are  heated  to  a  temperature 
where  they  react  to  form  a  compound  product.  Often  the  reaction  occurs  on  the 
formation  of  a  first  liquid,  typically  a  eutectic  liquid  at  the  interface  between  contacting 
particles.  Fig.  I  shows  a  schematic  binary  phase  diagram  fora  reactive  sintering  system, 
where  a  stoichiometric  mixture  of  A  and  B  powders  is  used  to  form  an  intermediate 
compound  product  AB.  At  the  lowest  eutectic  temperature  a  transient  liquid  forms  and 
spreads  through  the  compact  during  healing.  Heat  is  liberated  because  of  the 
thermodynamic  stability  of  the  high  melting  temperature  compound.  Consequently, 
reactive  sintering  is  nearly  spontaneous  once  the  liquid  forms.  By  appropriate  selection 
of  temperature,  particle  size,  green  density  and  composition,  the  liquid  becomes  self- 
propagating  through  the  compact  and  persists  for  only  a  few  seconds.  Like  other 
transient  liquid  phase  sintering  treatments,  the  liquid  provides  a  capillary  force  on  the 
structure  which  leads  to  densification  (13).  However,  if  the  solubilities  are  unbalanced, 
swelling  can  occur  due  to  the  formation  of  Kirkendall  porosity.  If  isostatic  pressure  is 
applied  during  consolidation  the  process  is  termed  reactive  hot  isostatic  pressing  (RHIP). 

In  injection  molding  a  mixture  of  powders,  short  fibers  and  a  binder  is  extruded 
through  a  tapered  die  to  achieve  fiber  alignment,  (13).  Extrusion  must  be  performed 
above  the  softening  temperature  of  the  binding.  After  extrusion  the  binder  is  removed 
(thermally  or  by  wicking  action)  and  the  compact  is  consolidated  to  approximately  full 
density.  Apart  from  the  alignment  of  libers,  which  is  achieved  only  when  (he  panicles  are 
small  in  diameter,  this  process  offers  the  possibility  of  producing  complex  P/M  pans. 


reactive 

sintering  .final  composition 

A.B-AB  f 


sintering 

temperature 


e start  with  a  mixture  of  A  and  B  powders 
e  finish  with  a  sintered  compact  o I  AB  compound 


Fig.  I  Schematic  of  a  binary  phase  diagram. 
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However,  the  principal  disadvantages  are  the  difficulty  of  complete  binder  removal  and  the 
inability  to  produce  continuous  fiber  reinforced  composites. 

Three  intermeullic  compounds  have  been  studied  as  matrices:  NiAl,  MoSi,  and 
TaTiAU.  NiAl  (ordered  B2  crystal  structure)  was  chosen  partly  because  of  a  large  body 
of  literature  that  exists  detailing  the  properties  of  this  compound.  Therefore, 
measurements  of  properties  can  be  compared  to  previous  results.  Also,  besides  a  high 
melting  temperature  (1640*0  and  low  density  (5.86  g/cm1).  NiAl  exhibits  excellent 
oxidation  resistance.  Depending  on  factors  such  as  grain  size,  deviations  from 
stoichiometry,  strain  rate  and  impurity  content,  the  ductile  to  brittle  transition  has  been 
reported  to  be  between  about  400  and  600 *C  (16).  MoSi,  (ordered  noncubic  Cl  lb 
crystal  structure)  warrants  study  due  to  its  melting  point  alone  ( >  2000*C).  It  puiienai 
a  low  density  (6.3  g/cm’)  and  has  useful  oxidation  resistance  to  1700*C;  however  it 
exhibits  the  pest  phenomenon  below  600*C.  The  ductile  to  brittle  transition  temperature 
of  MoSi.  is  approximately  1000'C  (17).  The  properties  (25,26)  of  the  ternary  alloy  TaTiAU 
are  as  follows:  TaTiAU  is  a  two  phase  alloy  consisting  of  e'plus  yf  a  Ms  Ta-Al  alloyed 
with  Ti  while  y-'is  TiAl  alloyed  with  Ta.  The  melting  temperature  of  this  alloy  is  near 
1800*C.  and  the  density  is  approximately  7g/cm\  TaTiAU  exhibits  excellent  oxidation 
resistance  up  to  and  above  I500*C. 

In  this  study  NiAl  matrix  composites  were  fabricated  by  reactive  synthesis  while 
MoSi.  and  TaTiAU  matrix  composite  were  fabricated  from  prealloyed  powders.  Fibers  and 
particles  were  chosen  on  the  basis  of  commercial  availability  and  literature  citations 
concerning  thermodynamic  stability. 

EXPERIMENTAL  PROCEDURES 

Reactive  Processing  of  NiAl 

Elemental  Niand  Al  powders  were  mixed  to  a  composition  corresponding  to  Ni- 
49  at  %  Al  (30wt%Al).  For  particulate  strengthened  specimens  the  appropriate  amount 
of  reinforcement  phase  was  blended  with  the  matrix  mixture.  Mixing  was  performed  with 
a  turbula  type  mixer  for  one  hour.  The  mixed  powder  waa  then  cold  i ecstatically  preaaad 
(C1P)  to  210  MPa  in  a  cylindrical  polyeurethane  mold  bag.  Specimens  were  then  vacuum 
encapsulated  in  304  stainless  steel.  Prior  to  encapsulation  the  specimens  were  degassed 
m  vacuum  al  300*C  for  10  hours.  RH1P  conditions  were  172  MPa,750*C  or  I200*C,  for 
one  hour. 

Consolidation  of  MoSi.  and  TaTiAU 

Prealloyed  powder  tends  not  to  CIP  well;  therefore,  either  loose  powder  was 
poured  into  the  HIP  container  and  vibrated  to  allow  for  the  loose  powder  to  teach  tap 
density,  or  the  powder  was  pressed  into  the  HiPcan  directly,  with  the  aid  of  a  hydraulic 
press.  For  TaTiAl,  stainless  steel  cans  were  employed.  The  HIP  conditions  were  1250*C 
for  two  hours  at  172  MPa.  Owing  to  the  high  melting  temperature  of  MoSi..  Tior  Nb  HIP 
cans  were  utilized.  Material  placed  in  Ticans  was  wrapped  withTa  or  Nb  foil  to  prevent 
a  reaction  with  the  can.  The  HIP  conditions  were  either  I500*C  or  I600TC  for  Ti  and  Nb 
cans  respectively  and  172  MPa  pressure  for  two  hours. 
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-inform  dispersion  of  fibers  is  necessary  t,:  maximum  strengthening;  therefore, 
proper  blending  of  the  fiber  and  powder  is  cnicial.  The  chopped  fibers  tended  to 
agglomerate,  but  the  alcohol  slurry  was  useful  for  dispersing  the  fibers.  Appropriate 
amounts  of  powder  were  then  added  to  the  slurry  of  fibers  and  mixed  in  a  turbula  type 
mixer  for  one  hour.  The  alcohol  was  then  allowed  to  evaporate.  Volume  fractions  of 
fibers  ranged  from  10  to  20  percent.  The  fiber  powder  mixture  was  added  to  melted 
binder  while  being  mixed.  For  small  quantities  (SO  g  or  less)  mixing  was  performed  by 
hand  using  a  stimng  rod.  For  larger  amounts  a  double  planetary  type  rotating  mixer  was 
employed.  Typical  loading  of  the  feedstock  was  65  to  70ft  by  volume  of  solid  (powder 
plus  fiber). 

Atapered  die  used  for  fiber  alignment  decreased  indiameter  from  1.27  to  0.  IS  cm. 
The  extruded  'wires' 0.15  cm  in  diameter  were  carefully  placed  in  a  polyeurethane  mold 
and  cold  isostaitcally  pressed  (CIPed)  at  208  MPa,  to  produce  a  cylindrical  specimen  1.27 
cm  in  diameter.  This  allowed  for  a  sample  of  significant  size  to  be  produced.  A  hand 
press  was  utilized  for  extruding  from  the  dies  which  were  preheated  above  the  softening 
point  of  the  binder  (90*0. 

All  samples  were  placed  in  (AI.O))  wicking  powder  and  debinding  was  performed 
m  flowing  hydrogen.  The  debinding  cycle  consisted  of  heating  at  2*C/min  to  4S0*C. 
After 300  minutes  the  NiAl  composites  were  allowed  to  furnace  cool.  MoSi.  and  TaTiAI. 
specimens  were  heated  at  10'C/min  to  1 200*C  and  held  for  60  minutee  before  being 
allowed  lo  furnace  cool.  Afiterdebinding,  NiAl  samples  were  placed  in  a  vacuum  furnace 
and  reactiveiy  sintered  at  700*C  for  IS  minutes.  MoSt.  and  TaTiAI.  specimens  were 
vacuum  annealed  at  1000*C  for  one  hour.  The  samples  were  consolidated  by  HIP  using 
the  cycles  described  previously. 

RESULTS 

The  exothermic  reaction  between  Hi  and  A!  it  so  vigorous  that  melting  and  loss 
of  specimen  shape  commonly  occurs  during  reactive  sintering.  As  e  consequence,  it  is 
usually  necessary  to  mix  10  to  2Sft  prealloyed  powders  with  the  elemental  powders  to 
dampen  the  reaction.  The  optimum  amount  of  prealloyed  powder  depends  on  particle 
size  distribution  of  the  powder  (18).  Alternatively,  an  inert  phase  such  as  TiB.or  AI.O,  (as 
panicles  or  fibers)  can  be  used  for  the  seme  purpoee.  Pressure  applied  dunng  the 
reaction  between  Ni  and  At  results  in  an  inhomogeneous  material,  see  Fig.  2.  This 
problem  can  be  alleviated  by  reactive  sintering,  followed  by  HIPing  (Fig  3).  Various  TiB. 
paniculate  composites  were  then  fabricated  (10.  IS,  20  and  40  vft).  A  typical 
microstructure  is  shown  in  Fig.  4.  Compressive  yield  vs.  temperature  for  these 
composites  are  shown  in  Fig.  S.  Tensile  proparties  vs.  temperature  for  NiAl  and 
NiAl/20TiB.  are  shown  in  Fig.  6.  Note  (hat  strengthening  occurs  even  though  the 
panicles  are  relatively  coarse.  Virtually  no  strengthening  is  observed  from  the  particles 
above  900"C. 

Fig.  7  shows  e  typical  microstructure  of  NiAI/ISvft  AI.O,  (DuPont  FP)  fibers 
produced  hy  injection  molding.  The  tensile  properties  of  this  composite  at  300*C. 
compared  to  those  of  NiAl  and  NiAI/TiB.  are  shown  in  Table  I.  The  fibers  caused 
modest  strengthening  el  the  expense  of  ductility. 

Fig.  8a)  and  b)  show  the  microstructures  of  TaTiAI,  and  TaTiAUIOvft  AI.O, 
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particulate  composite,  respectively.  Fig.  9  shows  the  compressive  properties  of  TsTiAl, 
and  the  particulate  composite  versus  temperature.  Somewhat  surprising  is  the  'apparent* 
mcrea.se  in  strain  to  failure  with  the  addition  of  the  particles,  even  though  there  appears 
to  he  no  gram  refinement  in  the  microstructure  of  the  composite. 
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Fig.  7  Microstructui*  of  injection  molded  NiAI/15v*  FP. 


(•)  b) 

Fiy.  8  Micro  structure*  of  ■)  TaTiAI.  and  b)  TaTiAK/IOvH  AI.O,  paiticulaM  compuaite. 
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Fig.  9  Compressive  strength  versus  temperature  for  TaTiAU  alloys. 


DISCUSSION 

Control  over  the  exotherm  associated  with  the  formation  of  NiAl  was  attained  by 
adding  a  high  melting  temperature  particulate  to  elemental  powders.  For  the  case  of 
monolithic  NiAl,  prealloyed  NiAl  powder  was  used  to  dilute  the  reaction.  The  application 
of  pressure  during  reactive  sintering  caused  the  transient  liquid  phase  to  become  non* 
uniformly  dispersed,  which  led  to  the  inhomogeneily.  Similar  inhomogcnetlies  have  been 
found  during  HIPing  in  the  presence  of  a  liquid  plume  in  the  W-Ni  system  (19). 

Some  of  the  strengthening  with  the  addition  of  the  TiB.  particles  to  NiAl  arises 
from  grain  refinement.  The  grain  siaas  were  reduced  from  30am  to  5am  with  the  addition 
of  the  particles.  A  Hall-Petch  analysts  reveals  the  contribution  of  strengthening  due  to 
grain  size  (see  Table  2).  The  remaining  strengthening  is  attributed  to  the  parades. 

The  'poor*  elevated  temperature  strength  of  inactively  sintered  NiA/TiB,  can  be 


attributed  to  the  large  TiB,  particles.  NiAI/lOv*  TiB,  powder  produced  by  XD  synthesis 
was  obtained  from  Martin  Marietta  Research  Laboratories.  XO  is  a  proprietary  in  sttu 
process  in  which  fine  t-3sm  TiB,  particles  have  been  diaperssd  in  a  variety  of 
mtennstallic  matrices  (21).  This  material  was  HIPad  at  RPI  (1250*C.  2  hours,  172  MPa). 
The  XD  mic restructure  has  a  finer  TiB,  dispersioo  than  the  reactivaly  synthesised 
material.  Table  3  summarises  the  mechanical  behavior  of  thaee  composites  at  2S*C  and 
900*C.  Clearly,  fine  TiB,  particles  are  more  effective  in  strengthening  NiAl  at  elevated 
temperature. 

Both  prealloyed  and  elsmsntal  powders  were  used  to  fa  bn  cate  injection  molded 
specimens.  However,  experience  revealed  that  elemental  powders,  which  are  spherical 
m  shape,  are  less  difficult  to  extrude.  The  alignment  produced  by  injection  molding  is  not 
as  good  as  can  be  produced  by  infiltration  or  malt  techniques  (22). 

Due  to  tack  of  Mr  Si,  powde'  only  smalt  aligned  composite  specimens  could  be 
fabneated  by  the  extrusion  technique.  Room  temperature  hardness  results  indicate  that 
AljO,  might  improve  the  toughness  of  MoSi..  The  hardness  improved  from  87.6  to  90.2 
on  the  Rockwell  ‘A'scale  with  the  addition  of  the  20v%  FP  aligned  fibers.  Hardness 
values  for  powder  processed  MoSi.  have  been  reported  to  range  from  80  to  17  Rockwell 
*  A*  (23.24).  Figure  10  shows  the  actual  indentations.  While  cracks  propagated  from  the 
hardness  indentation  in  the  composite  specimen,  absent  were  large  craters  of  fractured 
material  observed  in  the  matrix.  These  results  indicue  that  the  DuPont  FP  fiber  may 
improve  the  fracture  toughness  of  MoSi,.  Attempts  to  obtain  fracture  toughness  values 
from  Vickers  hardness  indentations  failed  as  cracks  did  not  propagate  from  the 
indentations. 

The  compression  behavior  of  TaTiAl.and  TaTiAUAl.O,  particulate  composites 
is  puzzling.  To  date,  no  plausible  explanuion  exists  for  the  apparent  increase  in  ductility 
with  the  addition  of  the  particles,  without  any  decrease  in  grain  sins. 

TABLE  2 

Contribution  at  Grain  Refinement  to  Rmsi 
Temperature  Compressive  Yield  Strnen 

Grain  Sign  dim)  Yield  Slroan  (MPa) 


NiAl  (10%  Praaltoyad) 

30 

890 

NiAl  (10%  Praaltoyad) 
Calculated  tram  Hall  Patch* 

5 

1000 

NiAl  (10%  Praaltoyad) 

15  Vot%  T®2 

5 

1060 

NiAl  (10%  Praaltoyad) 

20  Vol%  Ti82 

S 

1350 

Hal  Patch  slope  (ram  ScbutaonPOl 
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(MPa) 
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ROOM  TEMP 

XO 

compression 

1150 

R3 

compression 

1160 

900*C 

XO 

WnMjn 

143 

153 

RS 

tension 

76.5 

82.4 

Tonsils  tests  performed  In  Vacuum,  at  a  strain  rata  of  1.67x10-4  sec-1. 
Compression  lasts  performed  in  Air  at  a  strain  rata  of  3.3x10*4  sac"1. 
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CONCLUSIONS 


Intermetallic  matrix  components  baaad  upon  NiAl,  MoSi,  and  TaTiAl,  may  ba 
produced  by  sr.veral  powder  technique!.  Random  fibers  or  particles  can  be  incorporated 
hy  reactive  sintering  or  HIPing  of  either  prealloyed  or  elemental  powders.  Alignment  of 
short  fibers  is  achievable  hy  powder  injection  molding,  full  consolidation  is  than 
accomplished  by  HIPing.  Preliminary  mechanical  properties  measurement  indicate 
.strengthening  due  to  fibers  or  particles,  but  little  or  no  toughening  can  be  achieved 
without  alignment  of  fibers. 
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Fabrication  and  Mechanical  Properties  of  Powder  Injection  Molded  Intermetallic  Matrix 

Composites 


D.E.  Alman  and  N.S.  Stoloff 


ABSTRACT 

Powder  Injection  Molding  or  binder  assisted  extrusion  allows  for  the  alignment  of 
discontinuous  fibers  in  a  powder  matrix.  This  technique  has  been  applied  to  produce 
composites  in  various  intermetallic  matrices  (NLAI/AI2O3,  MoSi2/Al2^3*  MoSi2/SiC  and 
TaTiAl2/Al203>.  Tensile  ten  results  indicate  that  discontinuous  AI2O3  (DuPont  FP)  fibers 
will  not  toughen  NiAL  However,  cracks  propagating  fiom  hardness  indentation  indicate  that 
AI2O3  fibers  (DuPont  FP)  may  toughen  Mosi2  and  TaHA^. 

INTRODUCTION 

Many  intermetallic  compounds  possess  desirable  properties  for  high  temperature 
applications  such  as  low  density,  high  melting  point,  ductility  at  elevated  temperatures  and 
oxidation  resistance.  However,  inadequate  creep  and  fracture  resistance  of  these  intermetallics 
must  be  improved  before  they  can  be  exploited  for  such^  purposes.  Fibrous  reinforcement  can 
improve  both  fracture  toughness  and  creep  resistance.  Therefore,  intermetallic  compounds  are 
emerging  as  potential  matrix  materials  for  elevated  temperature  structural  composites. 

Powder  techniques  are  ideal  for  processing  high  melting  temperature  materials  because 
processing  is  performed  in  the  solid  state.  Powder  techniques  such  as  powder  cloth  [1],  and 
powder  infiltration  [2]  have  been  applied  successfully  for  fabricating  aligned  continuous 
reinforced  intermetallic-matrix  composites.  Hie  powder  cloth  technique  consists  of 
interspersing  cloths  of  powder  with  fiber  tapes.  The  cloths  are  produced  by  rolling  the 
powder  with  binder  into  thin  sheets.  Consolidation  is  by  hot  pressing.  This  technique  is 
limited  in  that  only  thin  flat  plates  can  be  produced.  The  powder  infiltration  technique  can 
produce  larger  specimens,  butthiring  consolidation  by  hot  pressing  agglomeration  of  fibers  is 
common  (for  instance  see  Fig.  1  in  ref.  2).  This  agglomeration  tends  to  degrade  the 
mechanical  properties  of  the  composites  [2]. 

An  alternative  powder  technique  is  powder  injection  molding  or  binder  assisted 
extrusion.  Composites  are  produced  by  mixing  powder  and  chopped  fibers  with  a  polymer 
binder.  The  mixture  is  heated  above  the  softening  point  of  the  binder.  The  heated  mixture  is 
then  either  extruded  through  a  tapered  die  or  injected  into  a  mold  cavity.  The  binder  is  then 
removed  and  the  composite  is  consolidated.  The  result  is  a  composite  that  has  aligned 
discontinuous  fibers  and  in  the  case  of  the  injection  molding,  near  net  shape. 

This  paper  describes  ongoing  research  aimed  at  determining  the  effects  of  processing 
variables  and  the  mechanical  properties  of  powder  injection  molded  intermetallic  matrix 
composites  based  upon  the  intermetallics  NiAl,  MoSi2  and  TaTTA^. 
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SYSTEMS  INVESTIGATED 

Table  1  lists  some  properties  of  the  the  three  matrices  employed  in  this  study.  All  three 
compounds  have  high  melting  temperatures(>1600°C),  low  density  (<7  g/cm3)  and  each  has 
excellent  oxidation  resistance.  Note  that  TaTiAl2  is  a  two  phase  material,  consisting  of ■/ 

(TiAl  alloyed  with  Ta)  and  <3/  (Ta2Al  alloyed  with  Tt).  In  this  study  NiAl  matrix  composites 
were  consolidated  by  reactive  synthesis  techniques  and  MoSi2  and  TaTiAl2  by  conventional 
prealloyed  powder  metallurgical  techniques.  Reactive  synthesis  consists  of  reacting  elemental 
powders  together  to  form  the  compound.  This  technique  has  been  employed  successfully  to 
produce  NiAl  and  NiAl  matrix  composites  [3].  Two  types  of  fibers  were  employed  in  this 
investigation:  DuPont  FP  AI2O3  fiber  and  Avco-Textron  SCS-6  SiC  fiber.  Composites 
produced  were  NiAl/Al203,  MoSi2/Al203,  MoSi2/SiC  and  TaTiAl2/Al203. 

FABRICATION  PROCEDURE 

Table  2  lists  the  characteristics  of  the  fibers  and  powders  employed  for  this  study.  The 
fibers  were  chopped  manually  and  had  aspect  ratios  of  10  to  100.  The  fibers  were  dispersed 
into  the  powder  by  mixing  in  alcohol.  The  fiber,  powder  and  alcohol  sluny  were  mixed  in  a 
turbula  type  mixer  for  1  hour,  after  which  the  alcohol  was  evaporated.  The  powder  plus  fiber 
mixture  was  then  added  to  melted  binder.  The  binder  used  in  this  study  is  based  on  low 
molecular  weight  polypropylene  and  paraffin  wax  whose  exact  composition  is  proprietary. 
For  small  quantities  of  powder  and  fibers  (50  grams)  mixing  was  performed  by  hand  in 
stainless  steel  crucibles.  For  larger  quantities  (200  grams)  mixing  was  performed  with  the  aid 
of  a  double  planetary  type  mixer,  again  in  stainless  steel  crucibles. 

For  small  quantities  of  powder  and  fiber  the  die  used  for  alignment  decreased  in 
diameter  from  1 .27  to  0. 15  cm.  Extrusion  was  performed  with  a  hand  press  from  a  die 
preheated  to  above  the  softening  point  of  the  binder  (90°C).  The  extruded  wires  were 
carefully  placed  in  a  polyeurethane  mold  and  cold  isostadcally  pressed  (CAP)  to  208  MPa. 
This  allowed  for  a  cylindrical  sample  1.27  cm  in  diameter  to  be  produced.  For  larger 
quantities  the  extrusion  die  was  tapered  from  5.08  to  1.27  cm  in  diameter.  This  avoided  the 
CIPing  stage.  Also,  near  net  shape  tensile  and  bend  bars  (Fig.  1)  were  produced  with  a 
reciprocating  screw-type  injection  molding  machine. 

All  samples  were  placed  in  AI2O3  powder  to  remove  the  binder  by  wicldng  action,  and 
debinding  was  performed  in  flowing  hydrogen.  The  debinding  cycle  consisted  of  heating  at 
2°C/min  to  450°C  and  holding  at  temperature  for  4  hours.  NiAl  matrix  composites  were 
heated  in  vacuum  (10*3  Totr)  to  700°C  to  allow  for  the  Ni  and  A1  to  react  to  form  NiAl. 
TaTiAl2  and  MoSi2  were  presintered  in  vacuum  at  1200°C  for  1  hour. 

Consolidation  of  all  the  samples  was  carried  out  by  Hot  Isostatic  Pressing  (HIP).  NiAl 
and  TaTiAl2  composites  were  vacuum  encapsulated  in  304  stainless  steel  and  HIPed  at 
1250°C  at  a  pressure  of  172  MPa  for  2  hours.  Owing  to  its  higher  melting  temperature, 
MoSi2  composites  were  HIPed  in  titanium  cans  at  1500°C  at  a  pressure  of  172  MPa  for  2 
hours.  To  prevent  a  reaction  between  the  can  and  MoSi2.  the  specimens  were  wrapped  in 
tantalum  foil  prior  to  encapsulation  in  the  can.  In  an  attempt  to  prevent  cracking  due  to 
thermal  expansion  mismatch  depressurization  and  cooling  were  carried  out  slowly  (from 
temperature  to  300°C  in  60  min.  with  pressure  decreasing  only  as  a  result  of  decreasing 
temperature;  over  the  next  60  min.  depressurization  to  atmospheric  pressure  and  cooling  to 
room  temperature  occured). 

RESULTS  AND  DISCUSSION 

Figures  2a-c)  show  microstructures  forTaTiAl2/I0v%  AI2O3,  NiAl/15v%  AI2O3  and 
MoSi2/20v%  AI2O3  composites,  respectively,  produced  by  extrusion  in  the  small  die.  Note 
that  the  alignment  appears  to  be  good  in  all  three  composites,  even  though  the  morphology  of 
the  powders  used  was  different;  spherical  for  NiAl  as  opposed  to  irregular  for  TaTiAl2  and 


MoSi2-  This  indicates  that  the  technique  is  widely  applicable  to  various  powder  shapes. 
German  and  Bose  [4]  report  that  in  an  Fe/A^Oj  composite,  alignment  of  the  AI2O3  fibers 
was  superior  when  spherical  Fe  powder  was  smaller  in  diameter  (54m)  instead  of  larger 
(704m).  Clearly,  powder  size  plays  a  larger  role  in  alignment  than  does  powder 
morphology.  However,  powder  moiphology  can  effect  the  rheological  behavior  of  the 
feedstock  during  extrusion  or  injection  molding  [5J.  Since  many  intermetallic  powders  are  not 
available  in  small  sizes,  the  elemental  pov-der  approach  of  reactive  synthesis  for  consolidation 
appears  ideally  suited  for  coupling  with  binder  assisted  extrusion  or  injection  molding. 
Elemental  powders  tend  to  be  readily  available  in  small  sizes. 

The  effect  of  fiber  volume  fraction  is  assessed  in  the  microstmctures  shown  in  Fig  3a) 
and  b).  These  NLAI/AI2O3  composites  were  produced  from  the  large  die;  therefore, 
misalignment  due  to  CIPing  has  been  avoided.  Note  that  agglomeration  and  misalignment 
appears  to  increase  at  the  higher  volume  fraction  of  fiber  loading.  This  is  a  major  detraction  of 
this  technique,  since  the  volume  fraction  of  fibers  that  can  be  aligned  appears  to  be  limited. 

Figure  4  shows  an  as  HIPed  microstructure  of  MoSi2  with  aligned  SCS-6  SiC  fibers 
produced  from  the  small  die.  Note  that  the  cracks  propagate  radially  from  fiber  to  fiber.  This 
has  been  attributed  to  the  mismatch  between  the  coefficient  of  thermal  expansion  of  the  fiber 
and  matrix  [6].  However,  note  that  these  fibers  also  appear  aligned,  indicating  that  large 
diameter  fibers  also  can  be  aligned  by  the  binder  assisted  extrusion  or  powder  injection 
molding  technique. 

One  advantage  of  powder  injection  molding  is  that  near  net  shapes  can  be  produced  (as 
shown  in  Fig.  2).  Fig.  5  shows  various  views  of  the  fibers  flowing  with  the  powder  and 
binder  in  the  the  screw-gate-runner  section  of  the  die.  The  fibers  appear  to  follow  the  flow  of 
the  binder  and  powder  around  the  comen  well.  Fig.  6  shows  a  cross  section  of  an 
NiAl/10v%  AI2O3  tensile  bar  in  the  as  reactive  sintered  condition;  pores  are  clearly  visible. 
The  alignment  of  the  fibers  in  the  gauge  section  of  the  tensile  bar  appears  satisfactory.  In  the 
bend  specimen  the  alignment  of  the  fibers  was  unsatisfactory.  Clearly,  a  key  to  alignment 
coupled  with  near  net  shape  processing  is  for  the  die  to  be  designed  so  that  flow  of  the 
feedstock  always  converges. 

Table  3  compares  the  tensile  properties  of  NiAl/15v%  AI2O3  with  monolithic  NiAl  and 
NiAJ/20v%  TiB2  particles  produced  by  reactive  synthesis[3].  The  results  indicate  that  short 
FP  fibers  will  not  toughen  this  matrix  at  low  temperatures,  and  are  not  as  effective  as  particles 
in  improving  elevated  temperature  tensile  strength.  Fracture  surfaces  show  limited  pull  out  at 
700°C  (Fig.  7).  At  800°C  (Fig.  8)  extensive  decohesion  between  the  fibers  and  matrix  has 
occured.  However,  both  the  length  of  fibers  ami  the  strength  of  the  fiber/matrix  interface 
plays  a  role  in  the  composite  mechanical  behavior.  To  date,  no  reported  tensile  tests  on 
continuous  aligned  NiAl/FP  AI2O3  fibers  have  been  reported.  Therefore,  it  is  unclear  if  the 
short  length  of  the  fibers  or  the  interface  is  causing  the  poor  mechanical  response  of  the 
composite  samples. 

Figures  9a-c)  show  hardness  (Rockwell  "C")  indentations  in  TaTiAl2.  TaTiAl2/10v% 
AI2O3  particulate  composite  and  an  TaTiAtyKMfc  AI2O3  aligned  fibrous  composite, 
respectively.  Note  the  large  craters  of  fractured  material  adjacent  to  the  indentation  in  the 
monolithic  and  particulate  specimens.  In  the  fibrous  composite  specimen,  cracks  propagate 
from  the  indentation,  but  no  large  craters  of  fractured  material  are  visible.  This  indicates  that 
the  fibers  do,  in  fact,  impede  crack  propagation  and  may  improve  fracture  toughness.  MoSi2 
and  an  MoSi2/20v%  AI2O3  aligned  fibrous  composite  displayed  similar  behavior.  Large 
craters  of  fractured  material  existed  adjacent  to  hardness  indentations  in  the  monolithic  alloy 
but  not  in  the  fibrous  composite.  Gearly,  further  testing  is  warranted  in  the  MoSi2/Al203  and 
TaTiAl2/Al203  systems  to  determine  if  the  short  aligned  fibers  will  indeed  improve  fracture 
toughness.  It  should  be  mentioned  that  in  the  monolithic  NiAl  alloy,  while  cracks  propagated 


from  hardness  indentation,  no  large  craters  of  fractured  material  were  present  In  an 
NiAl/15v%  fibrous  composite  cracks  propagated  around  the  fibers,  yet  no  improvement  in 
toughness  as  displayed  in  a  stress-strain  curve  was  detected  when  this  composite  was  tested 
in  tension  at  700°C. 

SUMMARY 

Powder  injection  molding  has  been  successfully  applied  to  align  discontinuous  fibers  in 
several  intermetallic  systems.  Both  small  and  large  diameters  fibers  have  been  aligned.  The 
key  to  successful  alignment  appears  to  have  been  small  starting  powders.  The  morphology  of 
the  powders  has  little  effect  on  the  degree  of  alignment  Tensile  tests  indicate  that  that  NiAl 
will  not  be  toughened  by  discontinuous  AI2O3  (FP)  fibers.  Hardness  indentations  indicate 
that  the  discontinuous  FP  fibers  may  improve  fracture  resistance  in  MoSi2  and  TaTLAl2- 
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TABLE  1 

SELECTIVE  PROPERTIES  OF  INTERMETALLIC  COMPOUNDS  INVESTIGATED 


Matrix 

Crystal 

Structure 

Melting 

Point  (°C) 

Density 

(g/cm3) 

DBTTTO 

NiAl 

B2 

1660 

5.86 

400-600 

MoSi2 

Cllb 

2030 

6.30 

1000 

TaHAfc 

<y+y 

>1800 

7 

TABLE 2 
MATERIALS 


Powder 

Source/Designation 

Shape 

Sire 

1  Ni 

Novamet/4sp-10 

Spherical 

34m 

!  A1 

i 

Valimct/H-3 

Spherical 

34m 

!  MoSi2 

H.GStark/Grade  C 

Irregular 

44m 

!  TaTiAfc 

i 

Pratt  and  Whitney 

lnegular 

94m 

i 

Fiber 

Source/Designaiion 

dMtaer 

AI2O3 

DuPont/FP 

20|im 

SIC 

Avco-Textron/SCS-6 

127(un 

TABLE 3 

TENSILE  PROPERTIES  OF  REACTIVE  SYNTHESIZED  NiAl  AND  NiAi  MATRIX 

COMPOSITES 


TempCO 

Oys(MPa) 

Oais(MPa) 

R.A.(%) 

NiAl 

700 

173 

191 

3 

NiAl/15v%Al203  aligned  fibers 

700 

196 

196 

0 

NiAl/20v%TiB2  panicles 

700 

344 

344 

0 

NiAl 

800 

135 

154 

14 

NiAl/1 5v%  AI2O3  aligned  fibers 

800 

142 

163 

3 

NiAl/20v%TiB2  panicles 

800 

190 

207 

12.5 

SPRUE/RUNNER/ 

GATE 


TENSILE  BAR 
DIE  CAVITY 


BEND  BAR 
DIE  CAVITY 


2  cm 


Fig.  1  Near  net  shaped  specimens  produced  by  Injection  Molding 


(C) 

Fig.  2  Cross  sections  of  composites  produced  from  the  small  die.  (a)TaTtAlj/10v%  AljG, 
(b)NiAl/15v%  AljOj  (c)MoSi,/20v%  AljO,. 


Fig.  8  Fracture  surface  of  NiAJ/15v%  AljOj  in  tension  at  800°C. 
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ABSTRACT 

Niobium  was  added  to  M0S12  in  the  form  of  particles,  random  short  fibers  and 
continuous  aligned  fibers.  It  was  found  that  the  morphology  of  Nb  played  a  role  in  the 
toughening  that  occurred  (as  measured  by  the  area  under  load  displacement  curves 
from  room  temperature  three  point  bend  tests  and  the  examination  of  fracture 
surfaces).  The  Nb  particles  did  not  toughen  MoSi2-  The  random  short  fibers 
appeared  to  toughen  MoSi2  via  crack  deflection  along  the  fiber  matrix  interface. 
Aligned  fibers  imparted  the  greatest  toughness  improvements,  as  toughening 
resulted  from  fiber  deformation.  However,  larger  diameter  fibers  displayed  a  greater 
ability  to  toughen  MoSi2  than  smaller  diameter  fibers.  This  was  attributed  to  the 
constraint  resulting  from  the  mterfacial  <ayer  between  the  MoSi2  matrix  and  the  Nb 
fiber.  Maximum  toughness  occurs  when  the  fiber  is  able  to  separate  from  the  matrix 
and  freely  deform 

INTRODUCTION 

The  attractive  combination  of  low  density  (6.25  g/cm3),  high  melting 
temperature  (2030°C)  and  excellent  resistance  to  oxidation  (up  to  1700°C)  makes 
the  compound  MoSie  very  attractive  as  a  potential  elevated  temperature  structural 
material.  Recent  research  employing  MoSi2  as  a  matrix  material  for  composites  has 
resulted  in  improving  the  inadequate  creep  resistance  and  poor  low  temperature 
fracture  toughness  of  monolithic  MoSi2  Petrovic  and  co-workers  [1]  have  reinforced 
MoSi2  with  SiC  whiskers.  The  SiC  whiskers  markedly  improved  the  mechanical 
behavior  of  MoSi2  at  elevated  temperatures.  More  importantly,  the  room  temperature 
fracture  resistance  of  MoSi2  has  been  improved  by  the  addition  of  Nb  fibers,  first 
reported  by  Fitzer  and  Remmele  [2]  in  1985.  Room  temperature  fracture  toughness 
for  MoSi2with  Nb  fibers  has  been  reported  to  be  12  MPa*m1/2,  compared  to  3.3 
MPa*m1/2  for  monolithic  MoSi2  (3J.  These  successes  have  generated  enormous 
research  activity  on  MoSi2  and  other  silicides  over  the  past  few  years,  as  evidenced 
by  a  recent  workshop  devoted  solely  to  structural  silicides  [4]. 

Other  researchers  have  published  results  on  MoSi2/Nb  foil  composites  tested 
in  tension  in  situ  in  the  scanning  electron  microscope  [3,5].  In  these  studies,  the  Nb 
foils  would  deform  during  testing.  However,  when  powder-consolidated  composites 
with  Nb  filaments  [3]  or  particles  [5]  were  tested  in  bending  at  room  temperature,  the 
Nb  reinforcement  showed  limited  ductility.  The  explanation  for  the  behavior  of  Nb 
was  a  combination  of  both  embrittlement  of  the  Nb  by  oxygen  and  the  stress  state 
around  the  Nb  reinforcement  [5]. 

The  goal  of  the  present  effort  was  to  systematically  study  the  role  of  Nb 
reinforcement  morphology  on  the  mechanical  behavior  of  MoSia/Nb  composites. 
Thus,  MoSi2  was  fabricated  reinforced  with  Nb  particles,  random  Nb  fibers,  ana 
aligned  Nb  fibers  with  two  different  diameters. 

EXPERIMENTAL  PROCEDURE 

The  characteristics  of  the  starting  powders,  particles  and  fibers  are  listed  in 


Table  I.  The  powders  and  particles  were  sized  using  a  laser  light  scattering 
technique  (microtrac)  and  shapes  determined  by  viewing  the  powders  or  particles 
with  a  scanning  electron  microscope.  Short  fibers  were  produced  by  manually 
chopping  the  fibers  to  roughly  10  mm  in  length. 

Particulate  and  random  short  fiber  composites  were  produced  by 
incorporating  the  appropriate  amount,  twenty  volume  percent,  of  Nb  with  M0S12 
powder  with  the  aid  of  a  turbula  mixer  (mixing  was  performed  for  60  minutes). 
Continuously  aligned  composites  were  produced  by  a  combination  hand  layup- 
infiltration  technique  described  in  detail  in  a  previous  publication  [6].  Briefly,  a  Cold 
Isostatic  Press  (CIP)  mold  bag  was  filled  to  half  its  capacity  with  MoSi2  powder.  The 
fibers  were  layed  up  within  the  CIP  mold,  after  which,  the  CIP  mold  was  filled  to 
capacity  with  MoSi2  powder  infiltrating  the  fibers.  The  amounts  of  powder  and  fiber 
were  determimed  prior  to  layup  and  infiltration  so  to  produce  a  composite  with  20  v% 
fibers. 

The  mixtures  were  then  CIPed  at  a  pressure  of  241  MPa.  Cylindrical  CIP  bars 
were  produced,  approximately  25  mm  in  diameter  and  65  mm  long.  CIP  mold  bags 
were  lined  with  Nb  foil.  The  Nb  foil  had  two  purposes,  first  to  prevent  fragmentation  of 
the  CIP  bar,  since  MoSi2  powder  tend  not  to  press  well.  Second  to  prevent  a 
reaction  with  the  Hot  Isostatic  Press  (HIP)  cans  and  the  MoSi2  powder  during 
consolidation.  Specimens  were  vacuum  degassed  at  600°C  for  10  hours  and  then 
vacuum  encapsulated  in  Ti  HIP  cans.  Consolidation  occurred  by  HIP  at  parameters 
1350°C-172  MPa. 

Smooth  bar  bend  specimens  (cylindrical,  6.35  mm  in  dia.  by  38  mm  long) 
were  produced  by  electrodischarge  machining  (EDM).  All  bend  specimens  were 
containerless  re-HIPed  after  EDM  at  1350°C-172  MPa  for  3  hours  after  which  they 
were  mechanically  polished  though  0.3pm  AI2O3  powder.  Room  temperature  three 
point  bend  tests  were  performed  at  a  crosshead  velocity  of  0.127  mm/sec.  The 
distance  between  the  lower  supports  of  the  bend  jig  was  25.4  mm. 

TABLE  I 
MATERIALS 

POWDER  I  SOURCE/DESIGNATION 
MoSi2  H.C.  Stark  Grade  C  Germany 

Nb  Teledyne  -80  Mesh 

FIBER  S6UR6E 

Nb  Teledyne 

Nb _ NRC _ 

RESULTS  AND  DISCUSSION 

Typical  microstructres  of  the  consolidated  composites  are  shown  in  Fig.  1 . 
Results  of  the  bend  tests  are  shown  in  Fig.  2.  Note,  that  no  toughening  was  observed 
from  the  Nb  particles.  The  maximum  toughening  (as  measured  by  area  under  the 
load  displacement  curves)  occurred  with  the  continuously  aligned,  large  diameter 
Nb  fibers.  Examination  of  fracture  surfaces  reveals  that  the  Nb  particles  fractured  by 
cleavage  and  did  not  deform  in  the  MoSi2  during  testing.  The  graceful  failure 
exhibited  by  the  random  short  fibrous  composite  resulted  from  extensive  crack 
deflection  by  decohesion  at  the  Nb/MoSi2  interface  (Fig.  3a)  for  fibers  that  were  off 
axis  and  for  fibers  which  perchance  happened  to  be  on-axis  (aligned  perpendicular 
to  the  motion  of  bending)  by  fiber  fracture.  For  the  small  diameter  continuous  aligned 
specimen  the  toughening  mechanism  appears  to  be  fiber  failure,  with  extra  energy 
required  to  either  fracture  or  deform  the  fiber  (Fig  3b).  However,  note  from  Fig.  3c 
that  both  fiber  failure  and  considerable  separation  between  the  fiber  and  the  matrix 
occurred  with  the  large  diameter  fibers. 


Microprobe  traces  across  the  interlace  between  MoSi2  and  Nb  indicate  that 
the  size  and  chemical  nature  (mixed  silicides)  of  the  reaction  layer  were  identical  in 
both  the  large  and  small  diameter  fiber  composites.  Oxygen  traces  across  the 
interface  reveal  similar  oxygen  contents  in  both  fibers  and  even  a  lower  oxygen 
content  in  the  Nb  particles,  implying  that  the  Nb  is  not  being  embrittled  by  oxygen 
during  consolidation.  Therefore,  the  differences  in  the  observed  mechanical 
behavior  of  the  composites  cannot  be  attributed  to  differences  m  the 
matrix/reinforcement  interfaces  that  develop. 

The  results  indicate  that  maximum  toughening  will  occur  when  fiber 
deformation  is  accompanied  by  fiber  matrix  separation  (debonding),  as  occurred 
with  the  large  diameter  continuous  aligned  Nb  fibers.  Similar  observations  have 


Fig.  1  Typical  microstructures  of  MoSi2/20v%  Nb  a)  Nb  particles  b)  random  Nb 
fibers  c)  continuous  aligned  400pm  dia*  Nb  fibers  d)  continuous  aligned 
800um  dia.  Nb  fibers 


been  noted  for  other  brittle  matrices  reinforced  with  refractory  fibers  (SiaN^a  [7] 
and  Al3Nb/Nb(8]).  For  fiber  matrix  separation  to  occur  a  critical  fiber  diameter  must 
be  exceeded  so  that  the  fibers  may  deform.  This  critical  diameter  results  from  a 
balance  between  the  interfacial  strength,  which  impedes  fiber-matrix  debonding  and 
prevents  the  fiber  from  deforming,  and  the  load  carrying  capacity  of  the  fiber.  The 
smaller  diameter  fiber  did  not  exceed  this  diameter  and  thus  failed  without 
debonding. 

Fig.  4  shows  a  comparison  of  actual  composite  behavior  to  the  calculated  rule 
of  mixtures  (ROM)  behavior.  Note,  the  actual  composite  behavior  appears  to  be 
superior  to  the  calculated  behavior.  ROM  calculations  assume  that  once  a  crack 
propagates  through  the  matrix  all  load  is  transfered  to  the  fiber;  there  is  no 
contribution  of  force  necessary  to  debond  the  fiber  from  the  matrix.  The  force 
necessary  to  pull  the  fiber  from  the  matrix  results  in  an  added  energy  required  to 
fracture  the  composite.  This  suggests  that  any  coating  applied  to  Nb  fibers  to  prevent 
a  reaction  with  the  matrix  should  be  designed  to  provide  some  chemical  bonding  to 
both  the  fiber  and  the  matrix. 


(b) 

Fig.  2  Results  of  room  temperature  bend  tests  on  MoSi2/20v%  Nb  composites  a) 
monolithic  MoSi2  and  MoSi2/Nb  particles  b)  MoSi2  /Nb  fibers. 


500p  m 


Fig  3  Fracture  surfaces  of  MoSi2/20v%  Nb  tested  in  bending  at  room  temperature 
a)  random  Nb  fibers  b)  Nb  continuous  aligned  400pm  dia  fibers  c)  No 
continuous  aligned  800um  dia  fibers 


(a) 


(b) 


Fig.  4  Comparision  of  calculated  rule  of  mixtures  (ROM)  to  actual  composite 
behavior,  (a)  ROM  calculation  (b)  comparison  to  composite  behavior 


CONCLUSIONS 


The  morphology  of  the  Nb  reinforcement  plays  a  large  role  in  the  toughening 
mechanisms  that  occured  in  MoSig/Nb  composites.  The  large  diameter  aligned  Nb 
fibrous  composites  had  the  highest  toughness  (as  measured  by  area  under  a  load 
displacement  curve)  due  to  a  combination  of  fiber  deformation  and  separation  at  the 
fiber-matrix  interface. 

Maximum  toughness  will  occur  in  brittle  matrices  reinforced  with  ductile 
phases  when  the  reinforcement  phase  is  able  to  separate  from  the  matrix  and  freely 
deform.  The  behavior  of  these  types  of  composites  is  very  much  dependent  on 
interfacial  properties. 
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ABSTRACT 

Ni3Fe  is  a  compound  that  exhibits  long  range  ordering  below  500*C 
and  a  disordered  structure  above  that  temperature.  Thus,  N13Fe  allows 
study  of  the  effect  of  ordering  on  the  mechanical  properties  This  paper 
discusses  the  tensile  properties  of  N13Fe  produced  via  powder 
metallurgy.  Fabrication  of  NijFe  started  with  elemental  nickel  and  iron 
powders  that  were  solid  state  sintered  followed  by  containerless  hot 
isostatic  compaction.  Ordering  was  done  by  heat  treating  at  470*C  for  200 
hours.  Disordering  was  attained  by  heating  to  800°C  for  2  hours  followed 
by  a  water  quench.  Composites  of  Ni3Fe  with  5  v/o  y203  were 
prepared  by  pre-sintering  cold  isostatically  pressed  rods  followed  by 
containerless  hot  Isostatic  pressing.  Similar  ordering  and  disordering 
treatments  were  carried  out  on  these  composites  to  evaluate  the  effect  of 
particulate  additions.  Ordering  of  N13Fe  increases  both  strength  and 
hardness  with  a  small  affect  on  ductility.  For  the  Ni3Fe  -  Y2Q3 
composite,  the  increase  in  the  strength  and  hardness  when  the  material  is 
ordered  is  accompanied  by  a  loss  in  ductility. 
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INTRODUCTION 

This  research  is  focussed  on  the  effect  of  long  range  order  on  the 
properties  of  the  N13Fe  intemetallic  compound.  A  majority  of  the 
intermetal  lie  compounds  for  example,  NI3AI ,  FeAl ,  Nb3Al  exhibit  long 
range  order  up  to  the  melting  point  of  the  compound.  Thus,  it  is 
impossible  to  study  the  effects  of  ordering  on  the  properties.  This  i* 
equally  true  for  intermetal  lie  matrix  composites  where  the  effect  of 
ordering  has  not  been  reported. 

The  compound  N13Fe  has  a  LI2  structure  which  exhibits  long 
range  order  below  500*C  and  is  disordered  at  temperatures  above  that. 

Thus,  this  compound  offers  the  opportunity  to  study  ordering  effects  on 
the  properties  of  a  duct  11-  intemetallic  [1,2].  The  addition  of  5  v/o 
Y203  to  N13Fe  yields  a  composite  whose  matrix  can  be  ordered  or 
disordered,  allowing  assessment  of  ordering  effects  on  the  composite 
properties.  In  this  study,  Powder  processing  techniques  have  been  applied 
for  the  fabrication  of  ductile  N13Fe  and  a  composite  having  Ni3Fe  as 
the  matrix.  Tensile  tests  were  performed  on  both  materials  in  the  ordered 
and  disordered  conditions. 

EXPERIMENTAL 

The  nickel -Iron  binary  phase  diagram  is  shown  in  Figure  1.  An 
alloy  with  a  composition  of  76.5  at.  %  N1  was  chosen  for  this  study.  This 
alloy  is  in  the  ordered  phase  field  below  500*C  and  can  be  ordered  by 
proper  heat  treatments. 

A  mixture  of  carbonyl  iron  and  nickel  powders  was  used  to  fabricate 
the  compound.  The  characteristics  of  the  elemental  powders  are  given  in 
Table  I.  The  powders  were  mixed  in  a  Turbula  mixer  in  200g  batches  and 
die  compacted  into  flat  tensile  specimens  using  a  double  action  floating 


2 


die.  The  die  well  was  lubricated  with  zinc  stearate  and  the  compaction 
pressure  was  300  MPa.  The  resulting  compacts  were  5mm  thick,  645m^  in 
pressing  area,  and  5m  wide  in  the  gauge  section.  These  compacts  were 
sintered  at  1410°C  for  lh  in  dry  hydrogen  (-42°C  dew  point).  During  the 
last  10  min  of  sintering  the  atmosphere  was  shifted  to  dry  argon  (-48248C 
dew  point)  to  minimize  hydrogen  embrittlement  [3,4].  These  P+S  (press  and 
sintered)  samples  were  95%  dense  with  uniformly  distributed  closed  pores. 

Full  density  NijFe  compacts  were  fabricated  by  cold  Isostatic 
compaction  of  mixed  elemental  powders  at  210  MPa  to  form  18m  diameter  by 
75  m  long  rods  These  rods  were  given  the  same  sintering  treatment, 
followed  by  containerless  hot  isostatic  compaction  (103  MPa  in  argon  at 
1200°C  for  30  min).  These  100  dense  rods  were  machined  into  4m  diameter 
tensile  bars  with  a  15  m  gauge  length.  Composites  consisting  of  5  vol.  % 
Y2O3  (15  pm  mean  particle  size  obtained  from  Cerac)  were  prepared 
from  mixed  powders  using  the  same  compact,  sinter,  hot  isostatic 
compaction,  and  machining  sequence. 

Disordered  samples  were  prepared  by  heating  in  argon  at  10  K/min  to 
880°C,  holding  this  temperature  for  2h,  with  a  water  quench.  Ordering  was 
performed  by  vacuum  encapsulating  the  specimens  in  glass  with  a  Zr  setter 
and  then  soaking  for  200h  at  470#C.  The  degree  of  order  was  estimated  at 
0.95  [5]. 

All  of  the  tensile  tests  were  performed  at  room  temperature  in 
tension  using  a  crosshead  speed  of  0.12  m/min.  The  fracture  surfaces 
were  examined  using  scanning  electron  microscopy  and  typical 
metal lographic  cross  sections  were  prepared  for  assessment  of  pore  and 
grain  structures. 
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RESULTS  ANO  DISCUSSION 

A.  Material  Evaluation 

The  resulting  microstructures  of  the  as  sintered  NijFe  and  the 
hot  isostatically  pressed  NijFe,  with  and  without  yttria  particulate 
reinforcement,  are  shown  in  Figure  2.  Note  the  variation  in  Magnification 
necessary  to  account  for  the  grain  size  differences.  Figure  2a  shows  that 
the  sintered  NijFe  has  a  finer  grain  structure  with  an  average  grain 
size  of  80  im  compared  with  450  im  for  the  hot  isostatically  pressed 
material  shown  in  Figure  2b.  Moreover  the  sintered  alloy  exhibits  a 
uniform  distribution  of  fine  porosity  of  about  5  pm  in  size  whereas  the 
hot  isostatically  pressed  samples  show  a  fully  dense  microstructure. 
Therefore,  it  appears  the  HIP  process  has  effective  closed  the  remaining 
porosity  present  in  the  as-sintered  material.  Pore  elimination  has 
decreased  the  inhibiting  effect  on  grain  growth  due  to  a  pining  of  the 
grain  boundaries.  The  large  increase  in  grain  size  has  also  probably  been 
favored  by  the  relatively  high  HIP  temperature. 

The  Y2O3  reinforced  HIP  NijFe  has  a  finer  microstructure  than 
the  parent  alloy  (see  Figure  2C).  The  dispersion  of  the  yttria  particles 
within  the  NIjFe  alloy  appears  to  be  fine  and  uniform.  Density 
measurements  show  that  there  is  no  essentially  remaining  porosity  after 
the  HIP  process.  The  large  inhibition  of  grain  growth  observed  in  the  HIP 
reinforced  NIjFe  1$  attributed  to  the  fine  oxide  dispersion.  The 
ordering  or  disordering  temperatures  were  too  low  to  significantly  affect 
the  scale  of  the  microstructure  beyond  the  growth  during  the  sintering  of 
HIP  treatments. 

B.  Mechanical  Properties 

The  tensile  properties  obtained  with  the  three  different  processing 
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conditions,  in  both  ordered  and  disordered  conditions,  are  listed  in  Table 
II.  The  ordered  condition  has  a  significantly  higher  yield  strength  and 
ultimate  tensile  strength  and  only  a  slightly  lower  ductility  than  the 
disordered  condition.  The  engineering  stress  strain  curves  in  Figure  3 
graphically  illustrate  these  trends  and  show  that  the  onset  of  order  also 
increases  the  strain  hardening  rates.  The  increases  in  yield  strength, 
strain  hardening  rate,  and  ultimate  tensile  strength  can  all  be  associated 
with  ordering.  Ordered  alloys  generally  deform  by  the  motion  of 
superlattice  dislocations,  resulting  in  intense  planar  slip  and  restricted 
cross-slip,  while  disordered  alloys  show  more  diffuse  slip.  The  fact  that 
ordering  does  not  appreciably  reduce  ductility  is  rather  unusual. 

Behavior  has  been  previously  reported  for  NijFe  (6,7).  This  compound 
possess  the  LI2  structure  in  its  ordered  state,  i.e.  a  structure  with  a 
sufficient  number  of  independent  slip  systems  to  obey  the  Von  Mises 
criteria,  and  shows  non-inherent  brittleness,  unlike  other  Ll2 
intermetallic  alloys  such  as  NijAl  or  T^CuAlg. 

If  the  three  alloys  show  similar  trends  in  the  effect  of  order  on 
the  tensile  properties  the  differences  in  microstructure  give  rise  to 
important  variations  in  tensile  behavior  and  fracture  when  compared  one  to 
each  other. 

Porosity  effect 

By  comparing  date  for  both  ordered  and  disordered  alloys,  either 
HIP  or  P+S,  it  appears  that  the  elimination  of  residual  porosity  results 
in  a  significant  increase  in  the  yield  strength  but  very  little  changes  in 
the  ultimate  tensile  strength  and  elongation.  This  is  shown  by  the 
respective  engineering  stress-strain  curves  in  Figure  3  a  and  b.  The 
strain  hardening  rate  is  nearly  unaffected  in  the  disordered  condition, 
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but  Is  increased  in  the  first  part  of  the  curve  by  the  suppression  of  the 
residual  porosity  in  the  ordered  condition. 

The  onset  of  necking  is  increased  in  the  case  of  the  fully  dense 
HIP  material.  The  strain  begins  to  localize  at  about  the  same  strain  for 
both  the  ordered  and  disordered  Ni3Fe.  However,  the  disordered  alloy  is 
able  to  avoid  linkup  to  fracture  until  a  larger  value  of  total  strain. 

For  the  P+S  specimens,  strain  is  localized  later  than  with  the  HIP 
specimens.  Once  slip  is  localized,  the  porous  Ni3Fe  quickly  fails  with 
limited  necking  in  both  the  ordered  and  disordered  states. 

The  HIP  treatment  removed  the  residual  porosity  and  gave  a  large 
increase  in  the  average  grain  size  from  80  pm  to  450  pm.  Both 
effects  are  responsible,  for  the  observed  changes  in  tensile  properties. 
Grain  growth  is  responsible  for  lowering  the  strain  at  which  necking 
starts  to  occur  since  large  grains  promote  shear  Instability  process.  The 
limited  necking  of  the  P+S  alloys  is  related  to  their  porosity.  On  the 
other  hand,  determining  the  mechanism  involved  in  the  observed  increase  of 
yield  strength  through  HIP  is  not  so  straightforward.  The  residual 
porosity  in  the  P+S  alloys  has  two  possible  detrimental  effects  on  yield 
strength.  Slip  may  initiate  near  the  individual  pores  as  plastic  zones 
form  due  to  concentrated  stresses,  and  thus  leading  to  a  lower  flow 
stress.  The  porous  alloys  may  be  regarded  as  damaged  material  in  which 
the  observed  flow  stress  is  inferior  to  the  effective  flow  stress  of  an 
equivalent  undamaged  material.  It  is  unlikely  these  effects  related  to 
the  porosity  would  have  compensated  and  even  overpassed  the  large  drop  in 
yield  strength  that  should  have  occurred  with  grain  growth.  A  possible 
explanation  is  that  a  substructure  might  be  present  within  these  large 
grains  after  the  HIP  operation. 
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An  increase  in  the  porosity  in  the  range  of  2  to  5  percent  voids 
decreases  the  strength,  but  has  a  negligible  effect  on  the  tensile 
ductility  (8,9).  Ductility  is  dependent  on  a  shear  instability  process 
involving  the  linking  of  a  critical  number  of  pores/voids  and  the  path  of 
high  void  content.  Therefore,  due  to  the  low  probability  of  linking  a 
critical  number  of  pores/voids  to  failure  in  materials  with  porosity  in 
the  range  of  2.5  to  5%,  the  ductility  of  the  porous  ordered  and  disordered 
alloys  is  not  affected. 

Although  the  strain  to  failure  is  about  the  same  for  both  the  fully 
dense  alloy  and  the  specimens  with  5%  porosity,  the  path  to  failure 
results  in  different  ductile  fracture  surface  characteristics,  as  shown  in 
Figure  4.  Examination  of  the  fracture  surfaces  indicates  that  the  ordered 
and  disordered  material  failed  by  a  dimpled  transgranular  mode  of 
rupture.  The  mean  dimple  size  seems  to  be  the  same  for  the  porous  ordered 
and  disordered  conditions,  and  in  both  cases  the  residual  porosity  is 
apparent  at  the  center  of  the  dimples.  This  suggests  the  dimples  have 
been  generated  by  residual  pores  and  indicates  that  residual  porosity  is 
responsible  for  the  limited  amount  of  necking  of  these  alloys.  In  the 
fully  dense  material,  the  dimples  are  larger,  especially  in  the  case  of 
the  disordered  alloy  which  exhibited  the  larger  amount  of  necking  on  the 
stress-strain  curve. 

As  shown  in  Figure  5,  the  very  large  grains  in  the  fully  dense 
material  show  slip  bands  in  the  deformed  grains  near  the  fracture 
surface.  The  ordered  alloy  exhibits  the  expected  large  amount  of 
planarslip  (Figure  5a),  while  the  disordered  alloy  shows  diffuse  slip 
(Figure  5b). 
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Reinforcement  effect 

Comparisons  between  the  unreinforced  and  yttria  reinforced  HIP 
alloys  (Table  II),  show  that  yttria  has  a  major  effect  on  the  tensile 
properties  in  both  the  disordered  and  ordered  states;  the  yield  stress 
increases  by  80  to  85  MPa  and  the  ductility  is  reduced  from  near  40%  to 
approximately  10%.  The  strain  hardening  rate  is  also  increased,  this 
effect  being  more  pronounced  for  the  ordered  alloy.  The  fracture  surface 
are  shown  in  Figures  6a  and  6b.  These  exhibit  a  ductile  dimpled 
transgranular  appearance,  with  smaller  dimples  than  in  the  case  of  the 
parent  unreinforced  alloy.  In  both  conditions,  most  of  the  dimples  appear 
to  be  centered  around  the  yttria  particulates,  and  to  some  extent  the 
dimples  are  larger  In  the  disordered  condition. 

The  drop  In  ductility  and  the  Increases  In  yield  strength  and 
strain  hardening  rate  associated  with  the  introduction  of  particulates  is 
commonly  reported  for  oxide  dispersion  strengthened  superalloys  as  well  as 
other  intermetal lie  alloys  (10,11).  Thus,  the  yttria  particles  used  as 
reinforcement  in  this  study  strengthen  the  alloys  mainly  through  their 
inhibiting  effect  on  grain  growth.  For  particles  of  a  15  pm  size  the 
contribution  to  strengthening  by  the  Orowan  mechanism  is  small  (12). 
Similarly,  coarse  dispersoids  create  problems  of  compatibility  of 
deformation  and  large  stress  gradients  can  be  generated  in  their  vicinity 
(11).  This  accounts  for  the  observed  large  drop  In  ductility  and  explains 
dimples  centered  around  the  yttria  particles  on  the  fracture  surface. 
SUMMARY 

The  elimination  of  the  last  5%  residual  porosity  in  Ni3Fe 
prepared  by  powder  metallurgy  has  a  large  benefit  to  the  yield  stregnth. 
With  5%  residual  porosity  neither  the  tensile  strength  nor  the  elongation 
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are  effected.  In  contrast,  the  inclusion  of  54  ^3  (15pm  particle 
size)  in  fully  densified  NijFe  increases  both  the  yield  and  tensile 
strength,  but  degrades  the  elongation  to  failure.  Comparisons  between 
mechanical  properties  in  the  ordered  and  disordered  states  for  NijFe  and 
the  yttria  reinforced  NijFe  brings  up  an  important  point  concerning  the 
interaction  between  order  and  reinforcement.  Both  ordering  and 
reinforcement  give  strengthening  with  lower  ductility.  When  considered  in 
terms  of  relative  ductility  loss,  the  ductility  decrease  between  the 
disordered  and  ordered  states  is  more  from  the  parent  alloy  to  the 
reinforced  alloy.  From  Figure  6,  the  fracture  paths  of  the  yttria 
reinforced  alloy  in  both  ordered  and  disordered  conditions  shows  more 
particulates  on  the  fracture  surface  of  the  ordered  alloy,  suggesting 
decohesion  of  the  matrix/particulate  interface  is  easier  in  the  ordered 
condition.  The  only  effects  truly  related  to  this  coarse  particulate 
reinforcement  are  on  ductility  and  fracture.  Thus,  it  appears  that  the 
onset  of  order  in  a  dispersoid  alloy  enhances  the  effects  of  the 
dispersion  on  the  tensile  properties.  This  might  be  related  to  the 
particular  mode  of  deformation  of  ordered  alloys,  through  the  motion  of 
superlattice  dislocations,  resulting  in  intense  planar  slip  and  restricted 
cross-slip. 
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Table  I 

Powder  Characteristics 


Property 


Mi  Fe  Y203 


vendor 

INCO 

6AF 

Cerac 

designation 

123 

HP 

purity,  % 

99.99 

99.50 

Fisher  subsieve  size,  pm 

3 

3.0 

mean  size,  pm 

3 

11 

15 

o/g 

2.19 

0.88 

specific  surface  area,  wr 

apparent  density,  g/cm3 

2. IS 

2.20 

majior  impurities  (ppm) 

Ca(10) 

Ca(600) 

Fe(30) 

A1 (600) 

Si (40) 

Si (300) 

0(300) 

Mn(2000) 
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Table  II 


Mechanical  Properties  of  Ordered  and 
Disordered  Hi-»Fe  Compacts 


disordered 


condition 

TitHPa 

UTS. MPa 

P+S 

111 

490 

HIP 

172 

487 

5%Y203 

250 

513 

grfcrsl 


YS.MPa 

UTS.MPa 

u. 

43 

180 

627 

37 

43 

247 

627 

37 

14 

333 

649 

10 

YS  •  yield  strength,  UTS  *  ultimate  tensile  strength.E  -  elongation, 
P+S  ■  press  and  sinter,  HIP  ■  hot  isostatic  press,  5%  Y9O3  ■  HIP  with 
5  vol.  % 
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Figure  Captions 

1.  The  binary  phase  diagram  for  the  Fe-Ni  system  showing  the  Ni3Fe 
compound  as  being  ordered  below  approximately  500*C. 

2.  Optical  micrographs  of  the  Ni3Fe  samples;  a)  press  and  sinter 
(P+S),  b)hot  isostatically  pressed  (HIP),  and  c)  HIP  wityh  5  vol.% 
yttria  (5%Y203),  molybdic  acid  etch. 

3.  Engineering  stress-strain  curves  for  NI3Fe  compounds  in  both  the 
ordered  and  disordered  conditions  prepared  by  three  routes;  a)  P+S, 
b)  HIP,  and  c)  5%  Y203. 

4.  Scanning  electron  microgrpahs  of  the  fracture  surfaces  of  the  pressed 
and  sintered  (P+S)  Ni3Fe  compacts  in  the  disordered  (a)  and  ordered 
(b)  conditions,  and  HIP  N13Fe  in  the  disordered  condition. 

5.  Scanning  electron  micrographs  of  HIP  N13Fe  showing  planare  ship 
bands  in  the  ordered  condition  (a)  and  diffuse  slip  bands  in  the 
disordered  condition  (b). 

6.  Scanning  electron  micrographs  of  the  fractrure  surfaces  of  HIP 
NI3Fe  containing  5  vol.  %  yttria  (Y^)  in  the  disordered  (a) 
and  ordered  (b)  conditions. 
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INTERMETALLIC  COMPOUNDS 
ENVIRONMENTAL  EFFECTS  AND  OXIDATION 


vAnca/canr  onuenon  n  iijU*hsi  allots 

C.R.  Cau,  D.J.  DifHtU  aad  H.8.  gtoloff 
llAtarlili  »«|1mwH|  DtyutMC 
loaMlm  Polytechnic  Institute 
Troy,  Hen  York  12180-35*0 


S tress -control led  fatigue  taata  and  fatlgua  crack  growth  rata  taata 
respectively  Hava  baan  carried  out  on  two  HiyAl  Cr/Zr  alloy* ,  IC  218  at 
600*C  and  800*C,  and  ZC  221  at  800*C,  In  vscuua,  at  various  teat  f rsqusn- 
claa.  Dacraaalag  the  teat  frequency  and/or  increaalng  the  teaperature 
leada  to  a  dacraaaa  in  the  nuabar  of  cyclea  to  failure,  and  a  gradual  dla- 
appearance  of  a  fatlgua  fracture  tone.  In  fatlgua  crack  propagation  taata, 
the  crack  growth  rata  only  dacreaaea  at  ..ce  lowest  frequency  and  reaalna 
constant  In  the  aajor  part  of  the  frequence  range  investigated.  The  fatlgua 
propagation  node  in  all  caaas  la  Intergranular .  These  trends  are  shown  In 
both  caaaa  to  be  rolatad  to  a  true  creep  component  but,  under  fatlgua  crack 
growth  teat  conditions,  crack  blunting  Intervenes  gradually  ae  the  frequency 
la  decreased,  leading  therefore  to  a  lass  severe  frequency  effect. 


Large  laprovasanta  In  high  teaperature  ductility  have  been  achieved 
In  boron-doped  NI3AI  through  additions  of  chrosiiuss  [1,21.  Creep/strass- 
rupture  properties  have  been  Improved  through  additions  of  slrcoalua  (2,3). 
Simultaneously  it  has  recently  been  shown  (4)  that  these  HlyAl  alloys 
also  have  improved  fatlgua  properties  In  terns  of  crack  Initiations  as  well 
aa  crack  propagation.  However,  little  work  has  been  done  on  the  creep- 
fatigue  behavior  of  HI3AI  alloys.  This  phenomenon,  In  which  during 
cyclic  atraaaea  at  elevated  teaperature,  both  fatigue  and  creep  daaage 
Interact  to  reduce  a  specimen's  fatigue  life  la  of  aajor  Interest  for 
eventual  high  teaperature  applications.  In  their  recent  study  of  a 
directionally  aolldlfiad  HljAl  (I, If)  alloy,  tallows  at  al.  (3,61  have 
concluded  chat  there  is  a  very  good  intrinsic  craep/fatlgua  resistance  at 
450*C  and  760*C  under  stress-controlled  fatigue  in  vacuum.  They  were  not 
so  sura  of  the  eventual  behavior  of  aa  aqulaued  polycrystal  HlyAl  since 
some  Intergranular  failures  were  noted.  Also,  a  study  of  the  fatigue  crack 
propagation  behavior  of  a  RljAl+R  alloy  containing  eoaa  substantial  addi¬ 
tions  of  cobalt  and  hefnlua,  at  400*C,  has  shown  no  frequency  affect  on  the 
crack  growth  race  In  vacuna,  but  a  strong  dependence  upon  the  frequency  when 
the  taste  are  performed  la  air  [7). 

The  purpose  of  the  present  work  was  to  Investigate  frequency  effects 
on  eha  high  teaperature  stress-controlled  fatigue  life  and  fstlge  crack 
propagation  properties  of  IC  218  and  IC  221,  respectively,  two  HlyAl 
I/Cr/Zr  alloys,  la  vacuna.  In  the  case  of  the  IC  218  alloy,  teaperature 
and  stress-range  were  additional  experlaental  variables. 


The  IC  218  and  IC  221  alloys  were  provided  by  Oak  Udga  Rational 
Laboratory.  Procaaslns,  ehenlcal  compositions  (at  t),  heat  treatments 
performed  on  these  alloys  sad  the  resulting  grain  sise  are  listed  la 
Table  I. 
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TABU  I 


Composition  (at  X) 

Processing 

Heat  Treatment 

Crain  : 

(Vaeuum<3.lO*4Pa) 

(urn) 

Ni 

Al  Cr  Zr 

B 

1C 

218 

Bal. 

8.45  8.13  0.90 

0.027 

VIM  Cast  + 

1050‘C  1  hr  + 

14 

extruded 

SOO'C  24  hrs 

IC 

221 

Bel. 

9.01  7.97  1.77 

0.020 

HIPed  + 

U60°C  30  m  + 

8 

extruded 

800 8  C  24  hrs 

Fatigue  apcclacna  with  a  3.0  am  dlaatttr  by  11.3  am  long  reduced  cylindri¬ 
cal  gage  aectlon  and  compact  tenalon  apcclacna  with  W*25.4  an,  8*3.0  « 
were  directly  machined  from  the  1C  218  and  IC  221  roda,  reapectlvely .  prior 
to  heat  treatment.  Both  alloya  were  teated  In  a  cloaed  loop  machine  under 
atreaa-controlled  fatigue,  ualng  a  triangular  wave  function  and  a  streaa 
ratio  value  8*0min/°nax  of  0.1,  In  a  vacuum  of  leva  than  1.5  10*  3  Pa.  The 
IC  218  alloy  waa  teated  at  different  frequencies  ranging  from  0.2  Bt  to  20  Hz 
at  600°C  with  40*724  MPa  and  8008C  with  40*690  MPa  aa  temperature  and  streaa 
range  conditions,  under  stress-controlled  fatigue.  Fatigue  crack  growth 
experlmenta  were  conducted  on  IC  221  specimens  at  a  unique  temperature  of 
800°C  for  different  frequencies  ranging  from  0.02  Hz  to  20  Hz,  using  a 
calibrated  direct  current  potential  drop  technique  to  monitor  the  instan¬ 
taneous  crack  length. 

Informatlona  on  fracture  surfaces  and  crack  morphologies  were  obtained 
by  optical  metallography  and  by  Scanning  Electron  Mlcroacopy. 


■UULTS 

Stress-Controlled  Fatigue  (IC  218) 

The  influence  of  frequency  on  the  number  of  cycles  to  failure  at 
600°C  and  800*C  is  shown  in  Fig.  1.  Data  show  a  permanent  decrease  in 
the  number  of  cycles  to  failure  for  each  tan- fold  reduction  In  frequency 
at  the  two  temperatures  Investigated.  The  magnitude  of  this  decrease 
appears  to  Increase  at  higher  temperature.  For  a  given  frequency,  raising 
the  temperature  from  600*C  to  800°C  also  appears  to  reduce  strongly  the 
fatigue  life  In  terms  of  cycles  to  failure,  In  spite  of  the  lower  stress- 
range  used  at  800°C.  On  the  same  figure  also  appear  the  data  plotted  In 
terms  of  time  to  failure  versus  frequency!  In  this  case,  only  the  tests 
run  at  800°C  exhibit  a  constant  decrease  of  the  fatigue  life  with  the 
frequency.  Ductility,  measured  as  reduction  In  crosa-sectlonal  area  and 
as  the  total  elongation  In  the  gage  length  after  tests  (Fig.  2)  always 
increases  with  decreasing  frequency,  with  the  exception  of  the  test  per¬ 
formed  at  800*C/0.2  Hs  where  a  plateau  seems  to  be  reached.  The  decrease 
Is  greater  at  the  lowest  temperature,  but  the  values  obtained  for  both 
elongation  and  reduction  In  area  are  much  higher  at  800*C  than  at  600*C. 

The  observed  fracture  mode  varies  with  temperature  and,  to  a  lesser 
degree,  with  frequency.  Saa^lst  tested  at  600*C  exhibit  surface-connected 
crack  Initiation  with  a  relatively  flat  Initial  Intergranular  crack  propa¬ 
gation  tone,  but  the  overall  site  of  the  fatigue  tone  decreases  as  the 
frequency  It  decreased,  tee  Fig.  3.  At  800*C,  no  presence  of  a  definite 
fatigue  tone  Is  observed  at  any  of  the  three  frequencies  Investigated. 
Cracks  always  Initiate  Internally  with  the  major  portion  of  the  fracture 
occurring  by  mlcrovold  growth  and  coalescence ,  leading  to  the  fracture 
path  exhibited  In  Fig.  4. 


FREQUENCY  <H» 


FREQUENCY  (Hi) 


Figure  1.  Efface  of  frequency  on  Figure  2.  Changea  In  ductility  for 
fatigue  llvee  of  IC  218  at  600*C  IC  218  ae  a  function  of  teaperature 
and  800  C  In  vacuua.  and  teat  frequency. 


STRAIN  TO  FAILURE  ( y. ) 


Figure  4.  a)  SEM  fractograph  of  IC  218  teated  at  800°C/2  Hz 
b)  Higher  sagnlficatlon  on  the  central  region 


Fatigue  Crack  Propagation  (IC  221) 

Reeulta  of  crack  growth  experlnenta  carried  out  at  800°C  on  IC  221 
for  a  get  of  frequenclea  ranging  fro*  0.02  Hz  to  20  Hz  are  ahown  In  Fig.  S. 
The  rate  of  crack  growth  la  nearly  lnaenaltlve  to  teat  frequency  between 
20  Hz  and  0.2  Hz  but  lncreaaea  at  the  loweet  frequency  of  0.02  Hz.  When 
che  data  are  plotted  aa  a  function  of  the  teet  frequency,  under  e  given 
cyclic  acreea  lncenalty  of  AX*25  MPa/W"  (Fig.  6),  che  aean  trend  obvlouely 
reaalna  In  terma  of  crack  growth  rate  per  cycle,  da/dN,  but  the  crack 
growth  race  calculated  per  tine,  da/dt,  ahowa  a  conalacent  decreaae  with 
a  decreaae  in  the  teat  frequency,  even  at  0.02  Hz. 

The  obaerved  fatigue  propagation  node  alwaya  remalna  Identical  to  the 
one  exhibited  In  Fig.  7  at  any  of  the  frequenclea  lnveatlgated,  l.e.  an 
Intergranular  path  where  the  grain  boundarlea  appear  to  be  rounded  and  not 
aa  aharp  aa  when  an  Intergranular  failure  occura  under  a  tenallc  condition. 
Optical  nlcrographa  taken  on  re-poliahed  aldea  of  broken  apeclnena  ahow  an 
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Figure  5.  Crack  growth  ratea  da/dN 
va.  AX  for  IC  221  at  varloua 
frequenclea. 


Figure  6.  The  frequency  dependence 
of  da/dN  and  da/dt  for  IC  221  at  a 
given  AX. 
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Figure  7.  SEN  fatigue  fracture 
eurfece  of  IC  221  teeted  at  800*C/ 
2  Ha. 
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Figure  8.  Traneverac  optical 
fractograph  of  fatigue  crack  In 
1C  221  teated  at  800“C/0.2  Ha. 


lncreaaed  tendency  for  the  occurrence  of  aecondary  cracka  developing  per¬ 
pendicularly  to  the  propagation  direction  ae  the  frequency  le  decraaeed 
(Fig.  8).  Moreover,  the  fracture  path  ltaelf  appeara  sore  erratic  at  lower 
frequenclea. 


Discouua 

Decraaeed  fatigue  life  and,  to  a  leeeer  degree,  lncreaaed  crack  propa¬ 
gation  rata  for  reapectlvaly  IC  218  and  IC  221  are  noted  aa  teat  frequency 
la  reduced.  Thla  behavior  haa  bean  commonly  reported  In  aany  eyatema  and 
haa  been  related  to  a  creep  interaction,  an  environmental  Interaction  and/or 
the  combination  of  the  two  (8,9).  Although  with  the  medium  range  vacuum 
uaad  In  thla  etudy  environment  effecte  cannot  be  neglected,  the  experiment* 
reveal  conaldarable  avldencea  for  a  true  creep  component. 

1C  218  teeted  under  etraae-eontrollad  fatigue  condltlona  exhibit  at 
800*C  a  fracture  mode  Initiated  Internally  by  mlcrovold  growth  and  coelea- 
cence  at  any  of  the  frequenclea  employed.  Limited  fatigue  zonae  decraaae 
in  aiza  aa  the  frequency  la  lowered  at  600*C.  Moreover,  the  large  increaae 
In  ductility  occurring  with  decreaelng  the  frequency  at  both  temperaturea 
le  particularly  atrong  evidence  for  the  role  of  creep  In  the  fatigue  proceae. 
On  the  ocher  hand.  If  creep  alone  waa  the  principal  mechanlam  for  failure, 
the  time  to  failure  would  not  be  expected  to  be  a  function  of  frequency. 

Thue,  taking  Into  account  the  evolution  of  the  fracture  mode  and  the  ob- 
aerved  Increaae  of  time  to  failure  with  a  decreaee  In  the  frequency  (with 
a  lower  amplitude  at  Che  loweat  frequency),  it  le  believed  that,  within 
the  atraaa  range  and  frequency  condltlona  uaad,  creep  atarta  to  lnceract 
at  600*C  on  a  etlll  predominant  fatigue  failure  mode.  At  800*C,  the  ab- 
eenca  of  a  well-defined  fatigue  zona  on  Che  fracture  aurface  and  the  rela¬ 
tively  weak  frequency  effect  on  Che  time  to  failure  ahow  chat  creep  la 
largely  predominant. 

Fatigue  crack  growth  axperlmenta  conducted  on  IC  221  at  800*C  reault 
In  an  Intergranular  fatigue  path  at  all  of  Che  frequenclea  lnvaatlgaced. 

The  relatively  non  angular  ehape  of  the  grain  boundarlea  Indlcacaa  that 
grain  boundary  eliding,  l.a.  a  creep  related  mechanlam,  la  largely  In¬ 
volved  In  the  fatigue  propagation  mode.  Bowever,  the  weak  frequency  effect 
on  da/dK  and  the  peralatant  decraaae  of  da/dt  with  decreaelng  frequency,  at 
a  given  AK,  auggeata  that  a  aecondary  mechanlam  almultaneoualy  occur*.  The 
lncreaaed  tendency  for  the  development  of  aecondary  cracka  with  a  decraaae 
in  the  frequency  aeema  very  likely  to  be  thla  Interacting  phenomenon. 
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Thua,  1c  ia  bcllevad  that  creep  playa  a  slgnlf leant  role  In  tha  PC?  of 
IC  221  at  800*C,  but  tha  development  of  aaeondary  cracka  contrtbutaa  to 
limiting  any  vlalbla  frequency  affact. 


COKLOSIOBS 

Fraquancy  affacta  on  tha  high  taaparatura  bahavlor  of  two  NljAl 
B/Cr/Zr  alloya,  1C  218  and  IC  221,  In  atraaa-controllad  fatlgua  and  fatlgua 
crack  growth  taata,  raapactlvaly,  have  baan  atudlad  at  800*C  and/or  800°C. 
Fractographlc  atudlaa  ravaal  that  In  both  caaaa  a  craap  component  acta  In 
conjunction  with  tha  fatlgua  mechanisms,  but  fraquancy  affacta  lnfluanca 
anich  nor  a  tha  fatlgua  Ufa  than  tha  fatlgua  propagation  rataa.  Tha 
ralatlva  rola  of  craap  and  fatlgua  on  tha  fatlgua  Ufa  of  1C  218  la  temper- 
atura  and  fraquancy  dapandant,  with  eraap  lntaractlng  aora  atrongly  aa  tha 
taaparatura  la  raiaad  and/or  tha  fraquancy  la  lowarad.  Tha  incraaaad  ten- 
dancy  for  tha  davalopaant  of  aaeondary  cracka  with  a  dacraaaa  of  the  fre¬ 
quency  during  crack  propagation  of  IC  221  contrlbutaa  to  llait  atrongly 
fraquancy  affacta  on  the  propagation  rataa. 
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Abstract — The  susceptibility  of  a  cold  pressed  and  sintered  Ni,Fe  alloy  to  hydrogen  embrittlement  has 
been  investigated  by  means  of  room  temperature  tensile  tests  in  air  and  with  hydrogen  charging  in  both 
fully  ordered  and  disordered  conditions.  Pre-charging  with  hydrogen  and  simultaneous  charging  with 
hydrogen  resulted  in  a  fracture  morphology  which  ranged  from  a  mixed  transgranular/intergranular  mode 
to  a  totally  intergranular  depending  on  the  type  of  exposure  to  hydrogen  and  the  degree  of  ordering. 
Associated  reductions  in  the  tensile  elongations  as  well  as  in  the  ultimate  tensile  strengths  were  also 
observed.  Hydrogen  diffusion  along  the  grain  boundaries  led  to  intergranular  fracture  concentrated  near 
the  surfaces  of  the  alloy  when  cathodic  pre-charging  conditions  were  used,  with  a  deeper  penetration  due 
to  higher  hydrogen  diffusivity  in  the  case  of  the  disordered  alloy.  Susceptibility  to  hydrogen  embrittlement 
has  been  found  to  be  largely  promoted  by  ordering  under  simultaneous  charging  conditions  with  a 
resulting  totally  intergranular  fracture.  The  results  suggest  that  enhanced  diffusitivity  of  hydrogen  to  grain 
boundaries,  associated  with  dislocation  transport,  occurs  in  combination  with  planar  slip  in  the  ordered 
alloy. 


Utmmi — La  sensibilite  d’un  alliagc  Ni,Fe,  comprime  a  froid  et  fritte,  a  la  fragilisation  par  I’hydrogene 
est  etudiee  a  I'aide  d'essais  de  traction  a  temperature  ambiante  dans  fair  et  dans  une  atmosphere  chargee 
en  hydrogene  dans  des  conditions  d'ordre  et  de  desordrt  parfaits.  Le  chargement  prcalable  et  le 
chargemcnt  simultane  d’hydrogene  conduisent  a  une  morphologie  de  rupture  qui  va  d  un  mode  mute 
transgranulaire/ intergranulaire  a  un  mode  totalement  intergranulaire  selon  le  type  d  exposition  a 
I'hydrogene  et  le  degre  d’ordre.  On  a  observe  des  reductions  associees  pour  les  elongations  en  tension  ainsi 
que  pour  les  charges  de  rupture.  La  diffusion  de  I'hydrogene  le  long  des  joints  de  grains  conduit  a  une 
rupture  intergranulaire  concentree  pres  des  surfaces  de  l'alliage  quand  on  a  utilise  des  conditions  de 
chargement  cathodique  prcalable,  avec  une  penetration  plus  profonde  due  8  une  plus  grande  diffusivite 
de  I’hydrogene  dans  le  cas  de  l'alliage  desordonne.  On  trouve  que  la  sensibilite  a  la  fragilisation  par 
I’hydrogene  est  largcment  favorisee  par  l'ordre  dans  des  conditions  de  chargement  simultane  avec  une 
rupture  resultante  totalement  intergranulaire.  Les  resultats  suggerent  qu'il  se  produit  une  diffusiveite 
renforcee  de  I'hydrogene  vers  les  joints  de  grains,  assoaec  a  un  transport  par  les  dislocations,  en 
combi naison  avec  un  glissement  planaire  dans  l’alliage  ordonne. 

ZuMauneafaMug — Die  Neigung  einer  kaltgepreBten  und  gesinterten  Ni,Fe-Legierung  zur  Wasser- 
stoffversprodung  wurde  mit  Zugversuchen  an  Luff  bet  Raumtcmperatur  untersucht;  dier  Wasser- 
stoffbeladung  erfolgte  im  vollstandig  geordneten  wie  auch  im  entordneten  Zustand.  Wasserstoffbeladung 
vor  und  wihrend  des  Versuches  fuhrte  zu  einer  Bruchtnorphologie,  die  von  einer  gemucht  transgranu- 
lar/intergranularen  Mode  vis  zu  einer  vollstfndig  intergranularen  Mode  reichte,  je  nach  der  Art  der 
Wasserstoffexposition  und  dem  Grad  der  Ordnung.  Demit  zusammenhangend  waren  Verttngening  und 
absolute  Festigkeit  im  Zugversuch  verringert.  Die  Diffusion  des  Wasserstoffs  entlang  den  Korngicnzen 
fuhrte  zu  einem  intergranularen  Bruch,  der  in  der  Nihe  der  Oberflachen  der  Legienmg  konznetriert  war. 
wenn  vorher  katodisch  be  laden  worden  war.  Die  Eindringbcfc  des  Wasserstoffs  war  wegen  der  hoheren 
Wasserstoffdiffusivitit  in  der  entordneten  Legienmg  groBer.  Die  Neigung  zur  Wasserstofivenprodung 
wird  unter  sonst  gleichen  Beladungsbedingtugen  dutch  Ordnung  stark  gefSrdcrt  wobei  sich  ein 
vollstindig  intergranularer  Bruch  ausbildet.  Die  Ergebnisae  legen  nahe,  daB  die  verstirkte  Diffusion  des 
Wasserstoffs  an  die  Komgrrnzen,  unterstdtzt  dutch  Transport  entlang  von  Versetzungen,  zusamroen  mit 
planater  Gleitung  in  der  geordneten  Legterung  auftritt. 


INTRODUCTION 

The  susceptibility  of  long-range  ordered  iMennetallic 
compounds  to  hydrogen  embrittlement,  especially 
those  ordering  in  an  LI]  superlattice,  has  now  been 
well  established  [1-4].  Comparative  studies  per¬ 
formed  by  Kuruvilla  and  Stoloff  [1,4],  who  first 
reported  the  effect,  also  have  shown  that  embrittle¬ 
ment  is  much  more  severe  for  ordered  alloys  vs. 
disordered  alloys  of  identical  composition.  Therefore, 


it  appears  that  long-range  order,  which  has  been 
known  to  substantially  affect  the  mechanical  response 
of  intermetallic  compounds,  primarily  through  a 
change  in  the  dislocation  configuration,  enhances  the 
susceptibility  of  these  alloys  to  hydrogen  embrittle¬ 
ment.  Different  theories  explaining  this  behavior  have 
been  proposed  by  several  investigators,  virtually  all  of 
them  suggesting  changes  in  the  cohesive  strength  of 
the  grain  boundaries,  since  the  observed  fractures 
have  always  been  at  least  partly  intergranular  in  the 
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Fig.  1.  Optical  microstructure  of  the  Ni-23.4  wt%  Fe  alloy. 

presence  of  hydrogen.  For  example,  Kuruvilla  and 
Stoloff  have  proposed  that  planar  slip,  which  is 
characteristic  of  ordered  intermetallic  compounds, 
provides  a  rapid  transport  path  of  hydrogen  from  the 
matrix  to  the  grain  boundaries  and  reduces  the 
cohesive  strength  of  the  boundary.  Takusugi  et  al.  [3] 
have  suggested  that  the  hydrogen  is  channelled  along 
the  grain  boundary  surfaces  and/or  the  crack  surfaces 
from  the  sample  surface  and  directly  operates  to 
reduce  the  cohesive  strength  of  the  boundaries. 

Since  Ni,Fe  is  known  to  exhibit  appreciable 
ductility  in  both  the  ordered  and  disordered  condi¬ 
tions  {5,  6],  i.e.  there  is  no  inherent  brittleness  of  the 
grain  boundaries,  it  represents  an  ideal  model  alloy 
for  a  study  of  the  effects  of  order,  and  accordingly  slip 
character,  on  hydrogen  embrittlement. 

EXPERIMENTAL 

An  alloy  of  composition  Ni-23.4  at.%  Fe 
(22.S  wt%  Fe)  was  cold  pressed  and  sintered  using 
elemental  powders  of  nickel  and  iron.  Sintering  was 
performed  at  I4I0°C  for  I  h,  in  successive  gaseous 
atmospheres  of  hydrogen  (30  min)  and  argon 
(10  min).  Sintered  samples  were  annealed  at  800°C 
for  2  h  in  flowing  argon,  followed  by  a  water  quench, 
in  order  to  obtain  a  fully  disordered  structure.  At  this 
stage  of  processing,  the  samples  exhibited  a  uniform 
grain  size  of  ~80pm  and  a  uniform  distribution  of 
residual  micropores  of  ~5pm  diameter  (Fig.  1) 
resulting  in  a  measured  density  of  95%  of  theoretical. 
The  presence  of  the  micropores  had  no  appreciable 
effect  on  the  mechanical  properties  of  the  alloys 
examined  in  this  study;  ductility  was  high  in  both  the 


ordered  and  disordered  conditions.  An  ordering  heat 
treatment  was  carried  out  on  specimens  which  were 
encapsulated  in  vacuum  under  a  pressure  of 
~  10' !  torr  with  Zr  getters,  at  a  temperature  of  470  C 
for  200  h.  The  degree  of  order.  S.  achieved  by  this 
heat  treatment  has  been  shown  to  be  about  0.95  [7], 
All  tensile  tests  were  conducted  at  room  tempera¬ 
ture  on  2.23  xO.51  x  0.46  cm  gage  section  specimens, 
using  a  screw-driven  Instron  machine  at  a  crosshead 
speed  of  0.012  cm/min.  Hydrogen  was  introduced 
into  the  material  either  by  cathodically  pre-charging 
for  45  min  or  by  cathodic  charging  simultaneously 
with  testing,  at  a  current  density  of  50  mA/cm:.  in  a 
solution  of  1  N  HjSO,  containing  0.05  g/1  of  NaAsO, 
as  a  hydrogen  recombination  poison.  Fracture 
surfaces  were  examined  in  a  scanning  electron  micro¬ 
scope. 


RESULTS 

The  results  of  the  tensile  tests  performed  in  air,  and 
with  pre-charging  and/or  simultaneous  charging  of 
hydrogen  during  testing  are  summarized  in  Table  1 
and  in  Fig.  2(a)  and  (b).  When  tested  in  air,  the  alloy 
displayed  a  yield  strength,  a  strain  hardening  rate, 
and  an  ultimate  tensile  strength  which  were  greater  in 
the  ordered  condition  than  in  the  disordered  con¬ 
dition.  However,  the  ductility  was  comparable  for 
both  the  ordered  and  disordered  conditions,  i.e.  37 
and  43*/*  elongation  respectively.  Examination  of  the 
fracture  surfaces  indicated  that  the  material  failed  in 
both  conditions  by  a  dimpled  transgranular  mode  of 
rupture.  Fig.  3(a)  and  (b). 

When  precharged  with  hydrogen  and  tested  in  air. 
the  tensile  strength  and  the  ductility  were  reduced  by 
10.5  and  29%  respectively  in  the  disordered  con¬ 
dition,  and  by  4.5  and  14%  in  the  ordered  condition. 
The  fracture  surfaces,  as  shown  in  Fig.  4(a)  and  (b), 
exhibited  a  mixed  mode  of  failure  for  both  heat 
treatment  conditions,  with  an  intergranular  fracture 
path  concentrated  in  the  outer  rim  of  the  specimens. 
The  penetration  of  the  intergranular  fracture  was 
deeper  in  the  case  of  the  disordered  alloy  (130  vs 
45  pm  in  the  ordered  condition). 

When  hydrogen  was  simultaneously  charged 
during  tensile  testing,  the  ductility  was  reduced  by 
59%  and  the  ultimate  tensile  strength  was  reduced  by 
33%  for  the  disordered  alloy.  For  the  ordered  alloy, 
the  ductility  w«s  reduced  by  81%  and  the  ultimate 
tensile  strength  was  reduced  by  65%.  The  fracture 
surface  of  the  ordered  alloy  exhibited  a  completely 


Table  I.  Tensile  properties  of  Ni,Fe 


Air 

Disordered 

Simultaneously 
Precharged  charged 

Air 

Precharged 

Ordered 

Simultaneously 

charted 

e  (MPt) 

m 

112 

110 

180 

176 

177 

UTS  (MPa) 

490 

439 

328 

627 

598 

223 

•/,  El. 

43 

30. J 

17.5 

37 

32 

7 

Avenge  depth 

of IG  zone 

Totally 

(pm) 

0 

130 

590 

0 

45 

IG  fracture 
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Fig.  2.  Engineering  stress-strain  curves  for  Ni,Fe  tested 
under  several  conditions,  (a)  Disordered,  (b)  ordered. 


intergranular  fracture  path,  with  smooth  grain 
boundary  facets  [Fig.  5(a)].  The  fracture  surface  of 
the  disordered  alloy  exhibited  a  mixed  mode  of 
fracture  (Fig.  5(b)].  Brittle  intergranular  fracto- 
graphic  features  were  concentrated  in  the  outer  rim, 
as  in  the  former  case  for  hydrogen  precharging, 
but  with  an  average  depth  of  penetration  of  —  590  /im. 

It  also  should  be  noted  that  hydrogen  did  not  affect 
the  yield  stress  for  any  of  the  conditions  examined. 

DISCUSSION 

Recent  studies  have  shown  that  Llz  intennetallic 
alloys  are  commonly  susceptible  to  hydrogen  embrit¬ 
tlement,  exhibiting  significant  reductions  in  ductility 
as  well  as  in  ultimate  tensile  strength.  The  fracture 
paths  of  these  alloys  are  generally  partly  and/or 
entirely  intergranular  when  hydrogen  is  introduced 
into  the  alloys  [1-4].  The  susceptibility  to  hydrogen 
embrittlement  also  has  been  shown  to  be  greater  in 
the  ordered  condition  compared  to  the  disordered 
condition  [l,  4].  This  behavior  has  been  attributed  to 
the  inhomogeneity  of  the  dislocation  substructure 
associated  with  the  ordered  condition.  Ordered  alloys 
generally  deform  by  the  motion  of  superlattice  dislo¬ 


cations.  resulting  in  intense  planar  slip  and  restricted 
cross-slip.  This  mode  of  deformation  accordingly 
introduces  high  stress  concentrations  at  grain 
boundaries.  Hydrogen  dissolved  in  the  alloys  -is 
believed  to  interact  with  the  stress  concentrations  at 
the  grain  boundaries,  thus  reducing  boundary  co¬ 
hesive  strength,  resulting  in  intergranular  fracture. 

The  present  study  shows  that  NijFe,  in  either  the 
ordered  or  disordered  condition  is  severely  embrittled 
by  hydrogen.  Failure  occurs  either  in  a  mixed  mode 
and/or  a  completely  intergranular  mode  of  fracture 
with  significant  reductions  in  ductility,  as  has  been 
observed  for  other  intermetallic  alloys.  Also,  hydro¬ 
gen  has  no  appreciable  effect  on  the  yield  stress  of  the 
alloys  in  either  condition.  Thus,  it  appears  that 
dislocation  motion  is  a  prerequisite  for  hydrogen 
induced  failure  in  this  class  of  alloys.  However,  the 
relationship  between  order  and  embrittlement  has 
been  shown  to  be  dependent  on  the  mode  or  path  of 
hydrogen  entry.  The  susceptibility  to  hydrogen 
embrittlement  is  greatly  enhanced  by  order  when 
hydrogen  is  charged  simultaneously  during  the  tests. 
For  pre-charging  conditions,  however,  disordered 
alloys  show  a  larger  decrease  in  ductility  when 
compared  to  ordered  alloys. 

The  results  of  the  tensile  tests  performed  in  labora¬ 
tory  air,  without  hydrogen,  are  consistent  with  the 


Fig.  3.  SEM  fractographs  of  samples  tested  in  air.  (a) 
Disordered,  (b)  ordered. 
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Fig.  4.  SEM  fractographs  of  samples  precharged  and  tested 
in  air  (a)  Disordered  (b)  ordered. 


results  of  Calvayrac  and  Fayard  [5].  That  is,  the 
observed  increases  in  yield  strength,  strain  hardening 
rate  and  ultimate  tensile  strength  can  all  be  associated 
with  ordering  and  the  effect  of  ordering  on  slip 
character.  On  the  other  hand,  ordering  does  not 
appreciably  reduce  ductility;  the  overload  failures  are 
essentially  transgranular  and  occur  by  dimpled  rup¬ 
ture.  This  behavior  is  not  surprising  for  NijFe  since, 
even  in  the  ordered  condition,  this  alloy  has  a 
sufficient  number  of  independent  slip  systems,  as  do 
other  Llj  intermetallic  alloys  such  as  NijAl  or  Ni,Si. 
However,  the  latter  two  alloys  exhibit  inherent  brit¬ 
tleness  in  the  absence  of  hydrogen.  Recent  studies 
have  shown  that  the  wide  range  of  fractures  occurring 
for  nominally  the  same  type  of  Ll2  intermetallic 
compounds  can  be  correlated  with  differences  in 
valence,  electronegativity  and  atomic  radii  between 
the  two  elements  of  the  compounds  [6,8],  The 
tendency  toward  brittle  behavior  appears  to  increase 
with  differences  in  the  above  factors. 

When  cathodically  pre-charged  with  hydrogen,  the 
Ni,Fe  alloy  shows  a  greater  degree  of  embrittlement 
when  disordered,  with  a  greater  reduction  in  ductility 
and  tensile  strength  and  a  larger  amour.:  of  inter¬ 
granular  fracture.  Dus  and  Smialowski  [9]  have 
shown  that  the  diffusion  rate  of  hydrogen  into  Ni,Fe 
is  higher  in  the  disordered  state  than  in  the  ordered 


condition.  The  observation  that  the  inter,  anular 
fracture  associated  with  hydrogen  embrittlement  is 
concentrated  in  the  outer  rim  of  the  samples  indicates 
that,  under  pre-charging  conditions,  concentrations 
of  hydrogen  in  the  grain  boundaries  are  established 
prior  to  testing  either  through  lattice  or  grain 
boundary  diffusion.  Thus,  the  depth  of  hydrogen 
penetration  due  to  diffusion  and  the  associated  lack 
of  ductility  in  the  alloy  near-surface  region  are  a 
function  of  hydrogen  diffusivity,  the  depth  of  pene¬ 
tration  being  reduced  in  ordered  alloys  when  com¬ 
pared  with  disordered  alloys. 

When  the  tests  are  performed  under  simultaneous 
charging  conditions,  embrittlement  is  much  more 
severe  in  the  case  of  the  ordered  alloy  and  total 
intergranular  separation  occurs.  The  disordered 
alloy,  on  the  other  hand,  exhibits  a  mixed  trans- 
granular/intergranular  mode  of  failure  which  tends  to 
be  concentrated  towards  the  surface  of  the  sample. 
Thus,  under  simultaneous  charging  and  tensile  defor¬ 
mation,  it  appears  that  the  highly  planar  slip  which 
occurs  in  the  ordered  condition  effectively  “delivers” 
hydrogen  to  the  grain  boundaries  by  dislocation 
transport.  For  the  disordered  alloy,  on  the  other 
hand,  diffuse  slip  appears  to  homogeneously  dis¬ 
tribute  the  hydrogen  throughout  the  matrix,  with  no 
appreciable  increase  in  the  hydrogen  concentration  at 


Fig.  5.  SEM  fractograpbs  of  samples  charged  while  testing, 
(a)  Disordered  (b)  ordered. 
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grain  boundaries.  For  the  disordered  condition,  only 
hydrogen  which  preferentially  diffuses  into  the  grain 
boundaries  during  the  tensile  tests  results  in  embrit¬ 
tlement.  These  experiments  do  not  indicate  if  the 
disordered  alloy  is  intrinsically  embrittled  by  hydro¬ 
gen;  however,  the  limited  reduction  in  ductility  and 
UTS  which  are  observed  during  simultaneous 
charging  with  hydrogen  strongly  suggests  that  em¬ 
brittlement  only  occurs  at  grain  boundaries.  As  for 
most  alloy  systems,  the  specific  mechanism(s)  for 
grain  boundary  embrittlement  is  largely  unknown. 

It  should  be  noted  that  the  extent  of  surface  related 
grain  boundary  fracture,  in  the  disordered  condition, 
for  tests  performed  under  simultaneous  charging  was 
greater  than  that  observed  for  pre-charging, 
(590  /rm/50  pm)  even  when  the  time  of  pre-charging 
was  extended  to  70  min,  the  time  period  of  a  typical 
tensile  test  under  simultaneous  charging  condition. 
Thus,  it  appears  that  dislocation  transport  of  hydro¬ 
gen  to  grain  boundaries  also  occurs  during  dynamic 
straining  of  disordered  samples  when  hydrogen  is 
continuously  supplied.  However,  the  extent  of  this 
transport  process  is  greatly  reduced  when  compared 
to  that  in  ordered  alloys. 

In  summary,  the  present  work  confirm  previous 
conclusions,  based  on  tests  performed  on  (Fe,  Ni)3V, 
that  c  d  .  enhances  the  susceptibility  to  hydrogen 
embrittlement  in  Ll2  intermetallic  alloys  [1].  The  data 
reported  for  Ni,AI  [2]  also  indicated  that  there  was  no 
effect  of  hydrogen  on  the  yield  strength,  suggesting 
that  dislocation  motion  is  a  prerequisite  to  embrittle¬ 
ment  and  that  hydrogen-dislocation  interactions  with 
the  grain  boundaries  are  involved. 

Since  this  alloy  is  embrittled  by  hydrogen  in  both 
the  ordered  and  disordered  conditions,  the  present 
study  does  not  address  the  hypothesis  that  enhanced 
embrittlement  in  the  ordered  state  (under  simulta¬ 
neous  charging)  might  be  due  to  hydrogen- 
dislocation  interactions  at  the  grain  boundaries 
through  a  higher  build-up  of  stress  caused  by  planar 
slip  rather  than  by  a  simple  increase  in  hydrogen 
transport  to  grain  boundaries.  However,  the  previous 
studies  performed  on  the  LI 2  intermetallic  (Fe,  Ni)jV 
[1]  have  shown  that  the  latter  explanation  is  more 
likely  since,  in  contrast  to  the  present  study,  no 
hydrogen  embrittlement  was  noticed  in  the  disor¬ 
dered  condition  for  (FeNi),V.  Therefore,  even  when 
hydrogen  is  present  at  the  grain  boundaries,  the 
non-planar  slip  associated  with  disordered  (FeNi)3V 
inhibits  embrittlement.  Bond  et  al.  [10]  have  directly 
observed  extensive  dislocation  pileups  at  grain 
boundaries  between  unfavorably  oriented  grains  in 
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boron-doped  Ni,Al.  Therefore,  while  pileups  can 
induce  grain  boundary  fracture  even  in  the  absence  of 
hydrogen,  the  presence  of  hydrogen  exacerbates  the 
effect. 

CONCLUSIONS 

1.  Ni,Fe  is  severely  embrittled  by  hydrogen. 
Unlike  other  intermetallic  compounds  previously 
studied,  this  embrittlement  occurs  in  both  ordered 
and  disordered  conditions. 

2.  Under  cathodic  pre-charging  conditions, 
diffusion  of  hydrogen  occurs  along  the  grain 
boundaries  which  leads  to  intergranular  fracture  con¬ 
centrated  near  the  surfaces  of  the  alloy.  Greater 
penetration  of  hydrogen  and  a  larger  region  of 
embrittlement  are  observed  for  the  disordered  alloy 
because  of  the  higher  diffusivity  of  hydrogen. 

3.  Under  “dynamic”  simultaneous  charging 
conditions,  ordering  largely  promotes  susceptibility 
to  hydrogen  embrittlement  through  enhanced  pene¬ 
tration  associated  with  dislocation  transport  and 
planar  slip.  These  results,  in  conjunction  with  pre¬ 
vious  studies,  indicate  that  the  enhanced  embrittle¬ 
ment  observed  upon  ordering  also  may  be  due  to  a 
higher  build-up  of  stress  at  the  grain  boundaries 
associated  with  planar  slip  and  restricted  cross  slip. 
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ABSTRACT 

Ni3Fe  is  a  compound  that  exhibits  long  range  ordering  below  500*C 
and  a  disordered  structure  above  that  tenperature.  Thus,  Ni3Fe  allows 
study  of  the  effect  of  ordering  on  the  mechanical  properties.  This  paper 
discusses  the  tensile  properties  of  Ni3Fe  produced  via  powder 
metallurgy.  Fabrication  of  Ni3Fe  started  with  elemental  nickel  and  iron 
pewders  that  were  solid  state  sintered,  with  some  samples  subsequently 
densified  by  oontainerlese  hot  isostatic  oonpection.  Ocnpositas  of 
Ni3Fe  with  5  v/o  Y203  were  prepared  by  pre-sintering  oold 
isostatically  pressed  rods  followed  by  oontainerless  hot  isostatic 
pressing.  Similar  ordering  and  disordering  treatments  were  carried  out  on 
these  oenposites  to  evaluate  the  effect  of  particulate  additions. 

Ordering  of  Ni3Fe  increases  both  strength  and  hardness  with  a  small 
effect  on  ductility.  Far  the  Ni3Fe  -  Y203  oanposite,  the  increase 
in  the  strength  and  hardness  when  the  material  is  ardersd  is  acoanpanied 
by  a  loss  in  ductility. 
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INTRODUCTION 

This  rmnarch  is  focussed  on  the  effect  of  long  range  order  on  the 
properties  of  the  Ni3Pe  intennetallic  ocnpound.  Many  intemetallic 
compounds,  for  exanple:  Ni-jAl,  FeAl,  NiAl,  and  Nb^Al  exhibit  long 
range  order  up  to  the  melting  point  of  the  ocnpound.  Thus,  it  is 
inpossible  to  study  the  effects  of  ordering  an  the  properties.  This  is 
equally  true  far  intemetallic  matrix  oanposites  where  the  effect  of 
ordering  have  not  been  reported. 

The  ocnpound  Ni3Fe  has  a  Ll2  structure;  it  exhibits  long  range 
order  below  500 °C  and  is  disordered  at  temperatures  above  that.  Thus, 
this  ocnpound  offers  the  opportunity  to  study  ordering  effects  on  the 
properties  of  a  ductile  intemetallic  [1,2].  The  addition  of  5  v/o 
Y2°3  to  Ni3Fe  yields  a  ocnposite  whose  matrix  can  be  ordered  or 
disordered,  allowing  assessment  of  ordering  effects  an  the  ocnposite 
properties.  In  this  study,  powder  processing  techniques  have  been  applied 
far  the  fabrication  of  ductile  Ni3Fe  and  a  ocnposite  having  Ni3Fe  as 
the  matrix.  Tensile  tests  were  performed  on  both  materials  in  the  ordered 
and  disordered  conditions. 

EXPERIMENTAL 

The  nickel-iron  binary  phase  diagram  is  shown  in  Figure  1.  An 
alloy  with  a  composition  of  76.5  at.  %  Ni  was  chosen  far  this  study.  This 
alloy  is  in  the  ordered  phase  field  below  500°C  and  can  be  ordered  by 
proper  heat  treatments. 

A  mixture  of  carbonyl  iron  and  nickel  powders  was  used  to  fabricate 
the  ocnpound.  The  characteristics  of  the  elemental  powders  are  given  in 
Table  I.  The  powders  were  mixed  in  a  Turbula  mixer  in  200  g  batches  and 
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die  into  flat  tensile  specimens  using  a  double  action  floating 

die.  The  die  wall  was  lubricated  with  zinc  stearate  and  the  compaction 
pressure  was  300  MPa.  The  resulting  compacts  were  5  ran  thick,  645  ran2 
in  pressing  area,  and  5  ran  wide  in  the  gauge  section.  These  compacts  were 
sintered  at  1410°C  for  1  h  in  dry  hydrogen  (-42°C  dew  point) .  During  the 
last  10  min  of  sintering  the  atmosphere  was  shifted  to  dry  argon  (-48°C 
dew  point)  to  minimize  hydrogen  embrittlement  [3,4].  These  PtS  (press  and 
sintered)  samples  were  95%  dense  with  uniformly  distributed  dosed  pares. 

Full  density  Ni3Fe  compacts  were  fabricated  by  cold  isostatic 
compaction  of  mixed  elemental  powders  at  210  MPa  to  form  18  mm  diameter  by 
75  ran  long  rods  These  rods  were  given  the  same  sintering  treatment, 
followed  by  container  less  hot  isostatic  compaction  (103  MPa  in  argon  at 
1200°C  far  30  min) .  These  100%  dense  rods  were  machined  into  4  am 

f 

diameter  tensile  bars  with  a  15  ran  gauge  length.  Composites  containing 
5  vol.  %  Y203  (is  m  mean  particle  size  obtained  from  Cera c)  were 
prepared  from  powders  using  the  same  compact,  sinter,  hot  isostatic 

compaction,  and  machining  sequence. 

Disordered  samples  were  prepared  by  heating  in  argon  at  10  K/min  to 
880°C,  holding  this  temperature  far  2  h,  followed  by  a  water  quench. 
Ordering  was  performed  by  vacuum  encapsulating  the  specimens  in  glass  with 
a  Zr  getter  and  then  soaking  for  200  h  at  470°C.  The  degree  of  order  was 
estimated  at  0.95  [5]. 

All  of  the  tensile  tests  were  performed  at  room  t«m3eraturts  in 
tension  using  strain  rate  of  1.33  x  lO”2*”1.  The  fracture  surfaces 
were  examined  using  scanning  electron  microsoopy,  metallographic  cross 
sections  were  prepared  for  assessment  of  pare  and  grain  struc&jres. 
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RESULTS  AMD  DISCUSSION 
ft,  Evaluation 


Dm  resulting  micxostructuraa  of  the  as  sintered  Ni3Fe  and  the 
hot  isostatically  pressed  (HIP)  Ni3Fe,  with  and  without  Y203 
reinforcement;  are  shown  in  Fig.  2.  Note  the  variation  in  magnification 
necessary  to  aooourrt  far  the  grain  size  differences.  Fig.  2a  shows  that 
the  sintered  Ni3Fe  has  a  finer  grain  structure  with  an  average  grain 
size  of  80  tm  ocnparsd  with  450  m  far  the  hot  isostatically  pressed 
material  shown  in  Fig  2b.  Moreover;  the  sintered  alloy  exhibits  a  uniform 
distribution  of  fine  porosity  of  about  5  tm  in  size  whereas  the  HIP 
sanples  show  a  fully  dense  microstructure.  Therefore,  it  appears  the  HIP 
process  has  effectively  closed  the  remaining  porosity  present  in  the 

as-sintered  material.  Pore  elimination  has  dscreassd  the  inhibiting 

> 

effect  on  grain  growth  due  to  pinning  of  the  grain  boundaries.  The  large 
increase  in  grain  size  has  also  probably  been  favored  by  the  relatively 
high  HIP  temperature. 

The  Y203  reinforced  HEP  Ni3Fe  has  a  finer  microstructure  than 
the  parent  alloy  (see  Fig.  2c) .  The  dispersion  of  the  Y203  particles 
within  the  Ni3Fe  alley  appears  to  be  fine  and  uniform.  '  Density 
measurements  show  that  there  is  essentially  no  remaining  porosity  after 
the  HIP  process.  The  large  inhibition  of  grain  growth  observed  in  the  HIP 
reinforced  Ni3Fe  is  attributed  to  the  fine  ooeide  dispersion.  The 
ordering  or  disordering  temperatures  were  too  low  to  significantly  affect 
the  scale  of  the  microstructure  beyond  grain  growth  during  the  sintering 
or  HIP  treatments. 

B.  Mechanical  Properties 

The  tensile  properties  obtained  with  the  three  different  processing 
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conditions,  in  both  ordered  and  disordersd  ocnditions,  are  listed  in  Table 
II.  The  ordered  condition  displays  a  significantly  higher  yield  strength 
and  ultimate  tensile  strength  and  only  a  slightly  lower  ductility  than  the 
disordered  condition.  The  engineering  stress  strain  curves  in  Fig.  3 
graphically  illustrate  these  trends  and  show  that  the  onset  of  order  also 
increases  the  strain  hardening  rate.  The  increases  in  yield  strength, 
strain  hardening  rate  and  ultimate  tensile  strength  all  can  ba  associated 
with  ordering. 

Among  Ll2  allays,  Ni3Pe,  Cc^Ti,  and  (FeCoNi)3V  are  ductile 
in  the  ordered  condition,  while  Ni3Si,  Ni-jAl,  Ni3Ge  and  Ni3Ga  are 
not.  The  former  group  (except  for  Qe^Ti)  can  be  disordered  by  heat 
treatment,  while  the  latter  can  not.  For  each  of  these  alloys  the  Ll2 
structure  permits  satisfaction  of  the  Von  Mimes'  criterion  for 
polycrystalline  plasticity  whan  { 111)  <U0>  slip  systems  operate.  It  is 
beyond  the  scope  of  this  paper  to  discuss  the  factors  which  make  some 
Ll2  alloys  ductile  and  others  brittle.  However,  we  can  point  cut  that 
ductility  in  the  ordered  condition  for  Ni3Fe  and  other  ductile  Ll2 
alloys  always  is  acooepanied  by  a  dimpled  rupture  fracture  mode  for  tests 
in  air  or  inert  environnents. 

Although  the  three  Ni3FS  alloys  show  similar  trends  in  the  effect 
of  order  on  the  tensile  properties  the  differences  in  miccostructure  give 
rise  to  important  variations  in  tensile  behavior  and  fracture  when 
oonparad  one  to  each  other. 

Porosity  effect 

By  ccnparing  data  far  both  ordered  and  disordered  alloys,  either 
HIP  or  P+S,  it  appears  that  the  elimination  of  residual  porosity  results 
in  a  significant  increase  in  the  yield  strength,  but  causes  very  little 
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chang*  in  the  ultimata  tensile  strength  and  elongation.  This  is  shown  by 
the  respective  engineering  stress-strain  curves  in  Figs.  3  a  and  b.  The 
strain  hardening  rate  is  nearly  unaffected  in  the  disordered  condition, 
but  in  the  ordered  condition  is  increased  in  the  first  part  of  the  curve 
by  the  suppression  of  the  residual  porosity. 

Necking  occurs  earlier  far  fully  dsns*  KIP  material.  Deformation 
begins  to  localize  at  about  the  same  strain  far  both  ordered  and 
disordered  Ni3Pe.  However,  the  disordered  alloy  is  able  to  avoid  linkup 
to  fracture  until  a  larger  value  of  total  strain.  For  the  P+5  specimens, 
deformation  is  localized  later  than  with  the  HIP  specimen.  Once  slip  is 
localized,  the  porous  Ni3P*  quickly  fails  with  necking  in  tooth 

the  ordered  and  disordered  states. 

The  HIP  treatment  removed  the  residual  porosity  and  produced  a 
large  increase  in  the  average  grain  aiza,  free  80  jab  to  450  jab. 

Both  affects  are  responsible  far  the  observed  changes  in  tensile 
properties.  Grain  growth  causes  a  lowering  of  the  strain  at  which  necking 
starts  to  oocur  since  large  grains  promote  shear  instability.  Tha  limited 
necking  of  the  P+S  allays  is  related  to  their  porosity,  which  causes 
fracture  to  occur  soon  after  strain  localization  begins. 

Determining  the  mechanism  involved  in  the  observed  increase  of 
yield  strength  through  HIP  is  not  so  straightforward.  Tha  residual 
porosity  in  the  P+5  alloys  has  two  possible  detrimental  affects  on  yield 
strength.  Slip  may  initiate  near  tha  individual  pares  as  plastic  zones 
farm  due  to  oancsntrated  stresses,  thus  landing  to  a  lower  flow  stress. 

Ths  parous  alloys  may  be  regarded  as  damaged  material  in  which  the 
observed  flow  stress  is  lower  than  ths  effsetive  flow  stress  of  an 
equivalent  undamaged  material.  It  is  unlikely  that  these  effects  related 


to  porosity  would  have  ocnpansated  and  even  surpassed  the  large  drop  in 
yield  strength  that  should  have  occurred  with  grain  growth. 

Alternatively ,  a  substructure  night  be  present  within  these  large  grains 
after  the  HIP  operation,  thereby  leading  to  increased  stength. 

An  increase  in  the  porosity  in  the  range  of  2  to  5  percent  voids 
decreases  the  strength,  but  has  a  negligible  effect  on  the  tensile 
ductility  (8,9) .  Ductility  is  dependant  on  a  shear  instability  process 
involving  the  linking  of  a  critical  number  of  paras/voids  and  the  path  of 
high  void  content.  Therefore,  due  to  the  low  probability  of  linking  a 
critical  number  of  pores/voids  to  failure  in  materials  with  2.5  to  5% 
porosity,  the  ductility  of  the  parous  ordered  and  disordered  alloys  is  not 
affected. 

Although  the  strain  to  failure  is  about  the  same  for  both  the  fully 

dense  alloy  and  the  specimens  with  5%  porosity,  the  path  to  failure 

results  in  different  ductile  fracture  surface  characteristics,  as  shown  in 

Fig.  4.  Examination  of  the  fracture  surfaces  indicates  that  the  ordered 

and  disordered  materials  failed  by  a  dinpled  transgranular  mode  of 

rupture.  The  mean  dimple  size  is  the  same  far  the  porous  ordered  and 

% 

disordered  conditions,  and  in  both  cases  the  residual  porosity  is  apparent 
at  the  center  of  the  dinples.  This  suggests  that  the  dimples  have  been 
generated  by  residual  pores  and  indicates  that  the  residual  porosity  is 
responsible  for  the  limited  amount  of  necking  of  these  alloys.  In  the 
fully  dense  material  the  dinples  are  largar,  especially  in  the  case  of  the 
disordered  alloy,  which  exhibited  the  greater  degree  of  necking  on  the 
stress-strain  curve. 

As  shewn  in  Fig.  5,  the  very  large  grains  in  ths  fully  dsnse 
material  show  slip  bands  in  the  deformed  grains  naar  ths  fracture 
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surface.  Tha  ordered  alloy  exhibits  the  expected  large  amount  of  planar 
slip  (Fig.  5a) ,  while  the  disordered  alloy  shows  wavy  slip  (Fig.  5b) . 
These  differences  in  slip  character  are  typical  of  super  lattices  that  can 
be  disordered. 

Reintorpment  effect 

Ooeparisone  between  the  unreinf arced  and  Y2°3  reinforced  HIP 
alloys  (Table  U) ,  show  that  Y20-j  has  a  major  effect  on  the  tensile 
properties  in  both  the  disordered  and  ordered  states;  the  yield  stress 
increases  by  80  to  85  MPa  and  the  ductility  is  reduced  free  near  40%  to 
approximately  10%.  The  strain  hardening  rate  also  is  increased,  this 
effect  being  more  pronounced  for  the  ordered  alley.  The  fracture  surfaoe 
are  shewn  in  Figs.  6a  and  6b  for  disordered  and  ordered  saqplss, 
respectively.  These  exhibit  a  ductile  dimpled  txanegranular  appearance, 
with  smaller  dinples  than  in  the  case  of  the  parent  unreinf  creed  alloy. 

In  both  conditions,  most  of  the  dimples  appear  to  be  cantered  around  the 
Y20-3  particles,  and  to  sods  extant  the  displas  are  larger  in  the 
disordered  condition. 

The  reduced  ductility  and  increased  yield  strength  and  strain 
hardening  rata  associated  with  the  introduction  of  particles  is  coranonly 
reported  far  oxide  dispersion  strengthened  superallcys  as  well  as  other 
intermetallic  alloys  (10,11).  As  in  other  alloy  systems,  the  Y2Oj 
particles  strengthen  the  alloys  mainly  through  their  inhibiting  effect  on 
grain  growth.  For  15  tn  diameter  particles  the  contribution  to 
strengthening  by  the  Orowan  mechanism  is  snail  (12) .  Similarly,  coarse 
dispersoids  create  problems  of  compatibility  of  deformation  and  large 
stress  gradients  can  be  generated  in  their  vicinity  (11) .  This  accounts 
for  the  observed  large  drop  in  ductility  end  eiqplains  dimples  cantered 
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around  the  yttria  particles  cn  the  fracture  surfaoe. 


The  elimination  of  the  last  5%  residual  porosity  in  Ni3Fe 
prepared  by  powder  metallurgy  sharply  increases  yield  stress,  with  5% 
residual  porosity  neither  the  tensile  strength  nor  the  elongation  are 
affected  coopered  to  fully  dense  material.  In  contrast,  the  inclusion  of 
5%  Y2°3  ^  fully  densif ied  Ni3Fe  increases  both  the  yield  and 
tensile  strength,  but  degrades  the  elongation  to  failure.  Oonparisons 
between  mechanical  properties  in  the  ordered  and  disordered  states  for 
Ni3Pe  and  the  ¥2^ -reinforced  Ni3Pe  brings  \q>  an  important  point 
concerning  the  interaction  between  order  and  reinforownent.  Both  ordering 
and  reinforcement  provide  strengthening  with  lower  ductility.  Vtien 
considered  in  terms  of  relative  ductility  lose,  the  ductility  decrease 
between  the  disordered  and  ordered  states  is  more  from  the  parent  alloy  to 
the  reinforced  alloy.  From  Fig.  6,  the  fracture  paths  of  the  Y2O3 
reinforced  alloy  in  both  ordered  and  disordered  conditions  shows  more 
particles  on  the  fracture  surface  of  the  ordered  alloy,  suggesting 
decohesion  of  the  matrix/particle  interface  is  easier  in  the  ordered 
condition.  The  only  effects  truly  related  to  this  coarse  particle 
reinforcement  are  on  ductility  and  fracture.  Thus,  it  Appears  that  the 
onset  of  order  in  a  dispersion  strengthened  alloy  enhances  the  effects  of 
the  dispersion  on  the  tensile  properties.  This  might  be  related  to  the 
particular  mode  of  deformation  of  ordered  alloys,  through  the  motion  of 
super  lattice  dislocations,  resulting  in  intense  planar  slip  and  restricted 
cross-slip. 

SUMMARY 

Powder  metallurgical  techniques  have  been  used  to  prepare  Ni3Fe 
and  a  Ni3Fe-5  vol.%  YjOj  alloy.  Tbneile  properties  have  been 
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determined  at  room  tesperature.  Increased  strength  of  Ni3Fe  is  achieved 
by  ordering  or  by  the  addition  of  5  vol.%  Y2O3.  However,  Y2°3 
reduces  the  ductility  of  Ni3Ps.  The  onset  of  necking  is  affected  by  the 
same  variables,  these  effects  can  be  eoqplained  via  strain  localization 
arguments.  Fracture  in  all  alloy  conditions  was  by  diirpled  rupture,  the 
elimination  of  porosity  principally  af facts  yield  stress,  with  little  or 
no  effect  on  tensile  strength  or  ductility. 
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Table  I 


Powder  Characteristics 


Property 


Ni  Fe 


vendor 

designation 

purity,  % 

Fisher  subsieve  size,  m 

mean  size,  m 

2/g 

specific  surface  area,  nr 
apparent  density,  g/an3 
major  impurities  (ppm) 


INCD  GAF 


123  HP 

99.99  99.50 

3  3.0 

3  11 

2.19  »  0.88 

2.15  2.20 


Ca(10)  Ca(600) 

Fe(30)  Al(600) 

Si (40)  Si(300) 

0(300) 
Ml(2000) 
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Table  n 


Mechanical  Properties  of  Ordered  and 
Disordered  Ni3Fe  Ccnpacts 


ordered 

onmHtjcn 

YS.MPa 

I2ZSJSA 

£J 

YS.MPS 

HjLMRB 

£*£ 

P+S 

111 

490 

43 

180 

627 

37 

HIP 

172 

487 

43 

247 

627 

37 

5%Y203 

250 

513 

14 

333 

649 

10 

YS  *  yield  strength,  UTS  «  ultimate  tensile  strength, E  ■  elongation, 
P+-S  -  press  and  sinter,  HIP  -  hot  isostatic  press,  5%  Y,cu  •  HIP  with 
5  vol.  % 
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1.  The  binary  phase  diagram  far  the  Pe-Ni  system  shewing  the  Ni3Fe 
aajpound  as  being  ordered  below  approximately  500*C. 

2.  Optical  micrographs  of  the  Ni3Pe  sanples;  a)  press  and  sinter 
(P+S) ,  b)  hot  isostatically  pressed  (HIP) ,  and  c)  HIP  with  5  vol.% 
Y2O3,  molybdic  acid  etch. 

3.  Engineering  stress-strain  curves  for  Ni3Pe  oenpounds  in  both  the 
ordered  and  disordered  Perditions  prepared  by  three  routes;  a)  P+s, 
b)  HIP,  and  c)  5%  Y^. 

4.  Scanning  alactron  micrographs  of  the  fracture  surfaces  of  the  pressed 
and  sintered  (P+S)  Ni3Pe  oonpacts  in  the  disordered  (a)  and  ordered 
(b)  conditions,  and  (c)  HIP  Ni3Fa  in  the  disordered  condition. 

5.  Scanning  electron  micrographs  of  HIP  Ni3Fe  showing  planar  ship 
bands  in  the  ordered  condition  (a)  and  wavy  slip  bands  in  ths 
disordered  condition  (b) . 

6.  Scanning  electron  micrographs  of  ths  fracture  surfaces  of  HIP  Ni3Fe 
containing  5  vol.  %  YjCij  in  the  disordered  (a)  and  ordered  (b) 
conditions. 
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Effect  of  an  oxide  dispersion  on  the  hydrogen  embrittlement 
of  a  Ni3Al  base  alloy 

G.  M.  Camus,  D.  J.  Duquette,  and  N.  S.  Stoloff 

Materials  Engineering  Department,  Rensselaer  Polytechnic  Institute,  Troy,  New  York  12180-3590 
(Received  2  November  1969;  accepted  29  January  1990) 

The  susceptibility  of  a  hot  isostatically  pressed  NijAl,  Cr,  Zr  alloy  to  hydrogen 
embrittlement  has  been  studied.  The  base  alloy  and  a  secood  alloy  containing  5  voi.  % 
YjOj  particles  were  tested  by  catbodically  charging  with  hydrogen  prior  to  or 
simultaneously  with  tensile  testing.  Embrittlement  of  both  alloys  was  noted  under  both 
charging  conditions,  but  was  much  more  severe  for  simultaneous  charging.  Intergranular 
fracture  due  to  hydrogen  was  noted  in  the  base  alloy,  while  the  dispersoid-containing 
alloy  failed  along  prior  particle  boundaries.  The  results  are  explained  by  a  dislocation 
transport  m«-Jmniimi  in  which  hydrogen  is  delivered  to  interior  fracture  sites  by  mobile 
^Inratinn*  Much  greater  penetratioo  of  hydrogen  is  achieved  under  simultaneous 
charging  conditions. 


I.  INTRODUCTION 

Since  the  intermetallic  Llj  alloy  NijAl  has  been 
successfully  ductilized  through  microalloying  with 
boron,1  an  increasing  interest  in  its  use  as  a  potential 
high  temperature  structural  material  has  led  to  the  de¬ 
velopment  of  alloys  based  on  NijAl  with  improved 
strength,  creep  resistance  and  resistance  to  high  tem¬ 
perature,  and  oxygen  induced  embrittlement.2-1  More 
recently,  oxide  dispersion  strengthened  as  well  as  fiber 
reinforced  alloys,  with  a  NijAl  alloy  as  a  matrix,  have 
also  begun  to  be  developed  in  an  attempt  to  provide 
further  increases  in  yield  strength,  toughness,  and 
creep  resistance.4'4  However,  many  interme tallies  pos¬ 
sessing  the  Llj  structure,  among  them  NijAl  +  B7  and 
Nij(Al,  Mn),*  have  shown  a  strong  susceptibility  to  hy¬ 
drogen  embrittlement.*'11  The  presence  of  particles  or 
fibers  can  be  expected  to  provide  a  large  number  of 
hydrogen  trapping  sites,  with  a  possible  concomitant 
effect  on  the  susceptibility  of  the  alloys  to  hydro¬ 
gen  embrittlement.  This  wort  is  concerned  with  some 
preliminary  studies  on  the  hydrogen  susceptibility  of 
alloys  based  on  NijAl  reinforced  with  yttria  particles. 
Hydrogen  embrittlement  studies  also  have  been  per¬ 
formed  on  the  unreinforced  matrix  for  comparison. 

II.  EXPERIMENTAL  PROCEDURE 

An  intermetallic  alloy  of  composition  Ni-16.4  at.% 
AI-8%  Cr-0.5%  Zr-0.1%  B  was  hot  isostatically  pressed 
(HIPed),  extruded  from  powder,  and  supplied  in  rod 
form  by  Oak  Ridge  National  Laboratory,  which  has  des¬ 
ignated  this  alloy  as  IC-218. 

An  identical  alloy,  containing  5  vol.  %  of  yttria  par¬ 
ticles  as  reinforcement,  was  prepared  at  Rensselaer 
by  powder  processing.  Prealloyed  powders  of  the  alloy 
(average  size  70  pm)  and  of  Y2Oj  (average  size  IS  pm) 


were  mixed  in  a  Turbula  mixer,  then  HIPed  at  1100  °C/ 
25  MPa  for  1  h.  This  material  was  then  heat  treated  at 
1050  °C  for  2  h  followed  by  800  *C  for  24  h  under  a 
vacuum  of  less  than  5.2  x  10~4  Pa  (4  x  10~*  Torr).  This 
heat  treatment  resulted  in  a  microstructure  consisting 
of  a  uniform  grain  size  of  14  pm  and  a  dispersion  of 
coarse  yttria  particles  surrounding  the  prior  particle 
boundaries  (Fig.  1).  The  base  alloy  (with  no  disper- 
soids)  was  beat  treated  at  1160  °C  for  4.5  h  and  then  at 
800  *C  for  24  h,  under  the  same  vacuum  in  order  to 
obtain  the  same  average  grain  size  (14  pm)  for  direct 
comparison  (Fig.  2).  It  should  be  noted,  from  the  micro¬ 
structures  shown  in  Figs.  1  and  2,  that  both  alloys 
exhibit  a  two-phase  y/y  microstructure  commonly  ob¬ 
served  in  NijAl-Cr  alloys.2 

All  tensile  tests  were  conducted  at  room  tempera¬ 
ture  on  specimens  with  0.3  cm  diam  x  1.13  cm  long 
nominal  gage  dimensions,  using  a  screw-driven  Instron 
machine  at  a  crosshead  speed  of  2  x  10~4  cm/s.  Hydro¬ 
gen  was  either  catbodically  precharged  for  1  h  or 
charged  simultaneously  while  testing  at  a  current  den¬ 
sity  of  50  mA/cm2  in  a  solution  of  1  N  HjSO«  contain¬ 
ing  0.05  g/1  of  NaAsOj  as  a  hydrogen  recombination 
poison.  Fracture  surfaces  were  examined  in  a  scanning 
electron  microscope. 

M.  RESULTS 

The  results  of  the  tensile  tests  performed  in  air, 
with  prech*rging  and/or  simultaneous  charging  of  hy¬ 
drogen  during  testing,  are  summarized  in  Table  I  and 
in  Fig.  3. 

The  NijAl  based  alloy  exhibited  an  elongation  of 
28.5%  along  with  ultimate  tensile  strength  (UTS)  of 
1343  MPa  when  tested  in  air,  and  the  fracture  surface 
exhibits  a  ductile  (dimpled)  transgranular  fracture 
[Fig.  4(a)].  When  a  sample  was  precharged  for  1  h  and 
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(a)  (b) 

FIG  1  Microstructure  of  IC - 2 18  *  5  vol.T:  Y;0,  after  heat  treatment  la)  unnotched  and  lb)  higher  magnification,  etched 


tested  in  air.  the  ductility  and  the  UTS  decreased  by 
about  24%  and  5 %.  respectively,  and  the  fracture  sur¬ 
face.  shown  in  Fig.  4,  displayed  a  mixed  mode  of  fail¬ 
ure.  with  an  intergranular  fracture  path  concentrated 
in  the  outer  rim  of  the  specimen.  When  hydrogen  was 
charged  simultaneously  with  tensile  testing,  the  elonga¬ 
tion  decreased  to  3%,  the  UTS  was  decreased  by  57%, 
and  the  fracture  path  appeared  to  be  entirely  intergran¬ 
ular  [Fig.  4(c)],  Previous  work  on  a  Cr-free  NijAl  +  B 
alloy  had  shown  that  simultaneous  charging  and  testing 
causes  complete  loss  of  ductility.7 

The  alloy  containing  5  vol.  %  Y203  showed  an  elon¬ 
gation  of  5.9%  and  an  ultimate  tensile  strength  of 
'44  MPa  when  tested  in  air.  When  precharged  with  hy¬ 
drogen  for  1  h  and  tested  in  air.  these  values  remained 
nearly  unchanged.  However,  when  simultaneous  charg- 


FIG  2  Microilructure  of  (C-2I8  after  heat  treatment 


ing  and  tensile  testing  are  performed,  the  elongation 
was  reduced  to  less  than  1%  and  the  UTS  was  reduced 
by  almost  29%.  The  fracture  surfaces  remain  similar 
in  the  three  conditions  used,  with  a  fracture  path 
propagating  along  the  matnx  pnor  particle  boundaries 
(Fig.  5). 

It  should  also  be  noted  that,  for  both  alloys,  charg¬ 
ing  with  hydrogen  either  prior  to  or  simultaneously 
with  the  tensile  test  did  not  affect  the  yield  stress 
Furthermore,  the  yttna-containing  alloy  displayed  a 
yield  stress  averaging  33%  higher  than  the  yield  stress 
of  the  unreinforced  alloy  (Table  I). 

Effect  of  processing  on  strength  and  ductility 

The  tensile  yield  strength  in  air,  374  MPa.  of  IC- 
218  HIPed  at  1100  °C,  see  Table  I.  is  considerably  lower 
than  that  observed  for  hot  pressed  (at  1150  °C)  1C-218 
by  McKamey  et  al.'1:  551  MPa  average  of  two  points 
However,  the  ultimate  tensile  strengths  were  identical 
The  elongation  in  air  also  was  considerably  lower  for 
the  HIPed  alloy  (28.5%)  elongation  vs  43.2-53%  for  hot 
pressed  material.  Grain  sizes  of  the  two  alloys  were 
similar.  The  differences  in  yield  strength  and  elonga¬ 
tion  cannot  readily  be  explained  by  differences  in  oxy¬ 
gen  content  since  the  yield  strength  should  increase 
while  ductility  should  decrease  as  oxygen  content  in¬ 
creases.  Porosity  does  not  seem  to  be  a  factor,  either 
since  fully  dense  material  was  obtained  in  both  investi¬ 
gations.  Since  McKamey  ef  al.  report  that  their  P/M 
samples  of  IC-218  had  strength  and  ductility  similar  to 
as-cast  alloys  of  the  same  composition,  it  must  be  con¬ 
cluded  that  our  HIPing  cycle  adversely  affects  mechani¬ 
cal  properties,  perhaps  due  to  the  presence  of  prior 
particle  boundaries  in  HIPed  material  (see  Fig  It.  or  to 
differences  in  substructure  produced  by  the  two  P  M 
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(a)  (b) 

FIG.  3.  Engineering  stress-strain  curves  lor  tests  perforated  under  different  conditions  on  (a)  IC-218  and  (b)  IC-218  ♦  5  voi.  %  Y,0>. 


processes.  For  example,  the  prior  particle  boundaries 
may  act  as  enhanced  dislocation  sources.  If  this  hy¬ 
pothesis  is  correct,  the  yield  stress  can  be  expected  to 
be  decreased  relative  to  that  reported  by  McKamey  and 
his  co-workers,  while  the  tensile  strength  should  be 
relatively  unaffected,  as  is  observed.  Similarly,  the 
prior  particle  boundaries  of  HIPed  materials,  which 
may  provide  initiation  sites  for  ductile  rupture,  can  be 
expected  to  lower  the  ductility  once  necking  com¬ 
mences  (i.e.,  at  the  UTS)  when  compared  with  hot 
pressed  materials. 

IV.  DISCUSSION 

A.  Effect  of  a  Dlsparaold  of  Yttria  on  tha  Tanaile 
Properties 

Comparisons  between  the  tests  performed  in  air 
show  that  alloying  of  the  intermetallk  alloy  with  yttria 
has  a  major  effect  on  the  tensile  properties  as  well  as  on 
the  fracture  mode;  the  elongation  is  reduced  from 
28.5%  to  5.9%  and  the  yield  stress  increases  by  nearly 
125  MPa.  The  fracture  surface  of  the  parent  alloy 
exhibits  a  ductile  dimpled  transgranular  appearance. 


while  that  of  the  alloy  containing  the  dispersoid  follows 
the  prior  powder  particle  boundaries  where  the  yttria 
particles  are  located.  This  observation  indicates  that 
the  fracture  path  of  the  alloy  containing  the  dispersoid 
is  governed  by  decuhesion  between  the  yttria  particles 
and  the  matrix.  The  large  drop  in  ductility  with  the 
introduction  of  particles  or  fibers  has  been  reported 
also  for  other  NijAl  alloys.4*  On  the  other  hand,  the 
large  increase  in  yield  strength  is  quite  surprising,  con¬ 
sidering  the  basic  alloy  microstructure  and  the  rather 
large  size  and  spacing  of  the  yttria  particulates  used  in 
this  study.  It  is  likely  that  the  strengthening  of  the  alloy 
containing  the  dispersoid  is  linked  to  the  heat  treat¬ 
ment  required  to  obtain  the  same  grain  size  in  both 
alloys,  and  perhaps  to  the  pickup  of  oxygen  during 
processing. 

B.  Effect  of  hydrogen  on  tonsilo  proportion 

The  intermetallic  alloy  examined  in  this  study,  as 
well  as  other  Ll»  intermetallics,7'"  is  severely  embrit¬ 
tled  by  hydrogen.  Moreover,  the  fractographic  features 
of  this  embrittlement  are  similar  to  those  which  were 


TABLE  I.  Effect  of  hydrogen  on  tensile  properties  of  IC-218  sad  IC-218  +  3%  YjOj. 


IC-218 

IC-218  ♦  5*  YjOj 

Air 

Piedurged 

Sinmlf— outly 
charged 

Air 

Precharged 

SuDttiuaeousiy 

charged 

<r^(MFe) 

374 

371 

367 

491 

SOI 

492 

UTS  (MPa) 

1343 

1273 

379 

744 

763 

332 

%  El. 

2 13 

21.8 

3.0 

3.9 

4.3 

0.9 

%  RA 

43.8 

26.8 

8.4 

8.0 

8.9 

3.3 

J. 
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(C) 

HG  i  SEM  (raciographs  of  IC - 2 18  sample*  tested  under  different  condition*:  (a>  in  air.  (b)  precharged  and  te»ted  in  air.  and 
,  simultaneously  charged 


observed  for  other  mtermetaliic  compounds:  an  inter¬ 
granular  path  concentrated  in  the  outer  rim  of  the  frac¬ 
tured  surface  when  the  specimen  was  precharged  prior 
io  testing,  and  a  completely  intergranular  fracture  when 
the  alloy  was  tested  while  simultaneously  charged.  Al¬ 
though  the  specific  mechanism(s)  for  grain  boundary 
embrittlement  is  largely  unknown,  a  correlation  be¬ 
tween  order  and  hydrogen  embrittlement  of  NiiFe  re¬ 
cently  has  been  demonstrated."  According  to  the  model 
suggested  in  that  work,  hydrogen  transport  is  facilitated 
by  the  highly  planar  slip  of  superlattice  dislocations 
which  occurs  in  ordered  lattices,  and  the  hydrogen, 
once  delivered  to  the  grain  boundaries,  exacerbates  the 
effect  of  the  large  local  pileup  stresses  also  associated 


with  planar  slip,  suggesting  that  dislocation  motion  is 
required  for  significant  embrittlement  to  occur  The 
macroscopic  yield  stress  is  unaffected  by  precharging 
with  hydrogen  or  by  simultaneous  charging  during  test¬ 
ing.  After  precharging,  only  the  surface-connected 
grain  boundaries,  which  act  as  short  circuit  diffusion 
paths,  are  embrittled.  On  the  other  hand,  when  hydro¬ 
gen  charging  and  dynamic  tensile  testing  are  performed 
simultaneously,  dislocation  transport  of  hydrogen  to  the 
grain  boundaries  results  in  embrittlement  of  all  of  the 
boundaries. 

An  alternative  point  of  view  has  been  presented  bv 
Bond  and  co-workers, i:  who  suggest  that  embrittlement 
of  Ni,Al  +  B  is  caused  simply  by  a  reduction  in  cohe- 
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FIG.  5.  SEM  fractograph  of  IC-218  +  5  vol.«  YiOj  tested  in  air. 
Fracture  surfaces  of  samples  tested  in  the  presence  of  hydrogen  are 
identical. 

sion  of  grain  boundaries  in  the  presence  of  hydrogen. 
In  situ  observations  of  grain  boundaries  by  TEM  re¬ 
vealed  no  discernible  changes  in  dislocation  arrange¬ 
ments  which  could  be  attributed  to  hydrogen;  therefore, 
it  was  concluded  that  the  stress  concentrations  at  grain 
boundaries  should  not  be  markedly  influenced  by 
hydrogen.  There  seems  to  be  little  doubt  that  decohe¬ 
sion  by  hydrogen  is  the  underlying  mechanism  in 
hydrogen  embrittlement  of  intermetallics,  as  recently 
concluded  also  for  Co3Ti  single  crystals.11  Whether 
or  not  pileup  stresses  facilitate  decohesion  remains 
an  open  question.  We  shall  now  consider  the  case  of 
particle/matrix  fracture. 

In  the  present  work,  severe  embrittlement  also  oc¬ 
curs  for  the  alloy  containing  yttria  when  hydrogen  is 
simultaneously  charged,  as  shown  by  the  large  reduc¬ 
tions  in  ductility  and  UTS.  However,  the  fracture  sur¬ 
faces  remain  identical  to  those  displayed  by  the  sample 
tested  in  air.  This  behavior  is  not  surprising,  since  the 
test  performed  in  air  has  shown  that  the  matrix/particle 
interface  is  weak  and  hydrogen  is  known  to  segregate  to 
the  weakest  interface.14  Thus,  it  is  very  likely  that  dis¬ 
location  transport  of  hydrogen,  in  this  case  to  matrix/ 
particle  interfaces,  assists  an  already  easy  decohesion 
process.  For  the  case  of  precharging,  the  more  numer¬ 
ous  trapping  sites  introduced  by  the  yttria  particles  also 
have  probably  led  to  a  decrease  in  the  hydrogen  diffu- 
sivity  in  the  alloy.  This  may  explain  why,  when  hydro¬ 
gen  is  piecharged  under  the  same  conditions  where 
surface  embrittlement  of  grain  boundaries  at  the  sur¬ 
face  is  observed  for  the  parent  alloy,  no  embrittlement 
is  observed  for  the  dispersion  strengthened  alloys  [see 

Fig.  4(b)].  .  ,  . 

A  noteworthy  feature  of  this  work  is  that  it  further 
demonstrates  the  very  high  susceptibility  of  NijAl  to 


hydrogen  embrittlement  under  simultaneous  charging 
and  testing  conditions  even  when  chromium  is  present. 
Chromium  is  known  to  suppress  oxygen  induced  em¬ 
brittlement  of  NijAl  +  B,2  but  seems  to  have  only  a 
modest  effect  on  hydrogen  ingress  or  embrittlement. 
This  effect  may  be  due  to  the  presence  of  the  dis¬ 
ordered  second  phase  in  IC-218.  which  could  be  some¬ 
what  less  susceptible  than  NijAl  to  embrittlement. 

V.  CONCLUSIONS 

An  intermetallic  alloy  based  on  NijAl  and  the  same 
alloy  containing  5  vot.%  yttria  particles  have  been 
shown  to  be  severely  embrittled  by  hydrogen  under 
“dynamic”  simultaneous  charging  conditions.  As  in  the 
case  of  other  LI*  alloys,  decohesion  is  the  probable 
bond  breaking  mechanism,  perhaps  assisted  by  en¬ 
hanced  diffusivity  through  dislocation  transport  under 
conditions  of  planar  slip.  Locally  high  stresses  at  the 
grain  boundaries  and/or  at  the  matrix/particle  inter¬ 
faces  also  may  contribute  to  embrittlement  by  enhanc¬ 
ing  hydrogen  solubility. 

ACKNOWLEDGMENT 

This  research  was  supported  by  the  DARPA/ONR 
University  Research  Initiative  on  High  Temperature 
Structural  Composites,  under  ONR  Contract  N00014- 
86-K-0770. 

REFERENCES 

'K.  Aoki  ud  O.  Ixumi,  J.  Jpn.  Inst.  Met.  43,  1190  (1979). 

*C.T.  Liu  and  V.  Sikka.  J.  o!  Met.  3S  (5).  19  (1986). 

JC.T.  Liu  and  C.  L.  White,  in  High  Temperature  Ordered  Inter - 
metallic  Alloys  (Proc.  Mater.  Res.  Soc.  Symp.)  (Materials  Re¬ 
search  Society,  Pittshutfh,  PA,  198S).  Vol.  39,  p.  355. 

*B.  Moore,  A.  Bose,  R.  M.  German,  and  N.  S.  Stoloff.  in  High 
TemperaturelHigh  Performance  Composites  (Proc.  Mater.  Res. 
Soc.  Symp.)  (Materials  Research  Society,  Pittsburgh.  PA.  1988), 
Vbi.  120,  p.  51. 

Jj.  S.  C.  Jany  and  C.  C.  Koch,  Scripts  Metall.  22. 677  (1988). 

*G.  L.  Povirk,  I.  A.  Horton.  C.  G.  McKamey.  T.  N.  Tiegs.  and  S.  R. 
Nutt,  J.  Mater.  Sci.  23,  3945  (1988). 

7A.  K.  Kuruvilla  and  N.S.  Stoloff,  Scripta  Metall.  1*.  83  (1985). 
*N,  Masahashi,  T.  Takasugi,  and  O.  lzumi,  Metall.  Trans.  A  196, 
333  (1968). 

’A  K.  Kuruvilla.  S.  Ashok.  and  N.  S.  Stoloff.  Proc.  3rd  Int.  Con¬ 
gress  on  Hydrogen  in  Metals,  Paris  (Pergamoo,  1982),  Vol.  2. 
p.  629. 

Takasugi  and  O.  Ixumi,  Acta  Metall.  34, 607  (1986). 

"O.M.  Camus,  N.S.  Stoloff,  and  D.  J.  Duquette,  Acta  Metall.  37. 

'HJ  Jm!  Bond.  I.  M.  Robertsoo,  and  H.  K.  Birnbaum.  Acta  Metall. 

°Y  Liu,  T.  Takasugi,  O.  Ixumi,  and  T.  Yamada,  Acta  Metall.  37, 

t  Duquette.  N.S.  Stoloff,  and  C.  Verpoort.  Scripta 
Metall.  U.  1329(1981). 

i*C  y  MclUacy.  G.  L.  Fovirk.  J.  A.  Horton,  T.  N.  Tiegs,  snd  E.  K. 
Oh  riser,  in  High  Temperature  Ordered  Intermetallic  Alloys  III 
(Proc.  Mater.  Res.  Soc.  Symp.)  (Materials  Research  Society. 
Pittsburgh,  W.  1989),  Vol.  133,  p.  609. 


Ran..  Vet.  5,  Mo.  5.  M*  1880 


The  influence  of  test  frequency,  temperature,  and  environment 
on  the  fatigue  resistance  of  an  N^Al-B/Cr/Zr  intermetallic  alloy 
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Stress-controlled  fatigue  tests  have  been  carried  out  on  an  NKAJ-B/Cr/Zr  alloy,  at 
600  °C  and  800  °C  in  air  and  in  vacuum  at  various  test  frequencies.  Decreasing  the 
test  frequency  and/or  increasing  the  temperature  leads  to  a  decrease  in  the  number  of 
cycles  to  failure  and  a  gradual  disappearance  of  a  fatigue  fracture  zone.  This  trend  is 
shown  to  be  related  to  a  true  creep  component.  Environment  has  a  weak  interacting 
effect  on  fatigue  life  but  strongly  influences  the  fracture  path  in  the  fatigue  zones,  with 
fracture  becoming  partly  or  entirely  intergranular  when  the  environment  is  changed 
from  vacuum  to  air.  It  is  suggested  that  most  of  the  fatigue  life  is  spent  in  initiating  a 
crack.  Comparisons  are  made  with  some  creep  data  in  terms  of  fracture  paths  and  time 
to  rupture.  Fatigue  life  at  800  °C  is  shown  to  be  entirely  controlled  by  creep  damage 
at  the  lowest  test  frequency  of  0.2  Hz. 


I.  INTRODUCTION 

The  LI  2  intermetallic  compound  NijAl,  successfully 
ductiiized  through  microadditions  of  boron,1  displays 
good  high  temperature  strength  and  oxidation  resistance. 
These  properties  have  generated  extensive  interest  in 
NijAJ  as  a  potential  candidate  for  high  temperature 
structural  applications.  The  physical  and  mechanical 
properties  of  NijAl  and  its  alloys  have  been  extensively 
studied  and  recently  reviewed.2  However,  the  majority 
of  recent  studies  have  concerned  the  boron  dualiz¬ 
ing  effect,3  processing  techniques,4  and  mechanical 
behavior,  including  tensile  properties,5  fatigue,4,7  and 
creep/stress-rupture  properties.8  Very  little  has  been 
reported  on  creep-fatigue-environment  interactions.  This 
phenomenon,  in  which  cyclic  stresses  at  elevated 
temperature,  creep,  and  environment  damage  interact  to 
reduce  the  material's  fatigue  life  is,  however,  extremely 
important  for  eventual  high  temperature  applications. 
In  a  recent  study  of  NijAl  (B,Hf)  single  crystals  and 
directionally  solidified  alloys.  Bellows  et  al.9'0  have 
concluded  that  there  is  very  good  intrinsic  creep/fatigue 
resistance  at  450  °C  and  760  °C  under  stress-controlled 
fatigue  in  vacuum.  Doubt  was  raised  as  to  creep  fatigue 
resistance  for  equiaxed  polycrystals  of  NijAl  +  B,  due 
to  the  detrimental  effect  of  environment  on  its  ductility 
11  high  temperature."  Also,  a  study  of  the  fatigue  crack 
Propagation  behavior,  at  400  °C,  of  a  Ni3Al  +  B  alloy 
containing  substantial  additions  of  cobalt  and  hafnium, 
has  shown  no  frequency  effect  on  the  crack  growth 
rate  in  vacuum,  but  a  strong  dependence  upon  the 
frequency  when  the  tests  were  performed  in  air.12  On 


the  other  hand,  recent  investigations13 14  have  shown 
that  additions  of  chromium  in  the  optimum  amount 
of  8  at.  %  dramatically  improved  high  temperature 
ductility,  and  creep/stress-rupture  properties  have  been 
improved  through  additions  of  zirconium.14 15  Also,  it 
has  recently  been  shown16  that  these  NijAl-B/Cr/Zr 
alloys  have  improved  fatigue  properties  in  terms  of 
crack  initiation  as  well  as  crack  propagation.  This 
alloy  class  was,  therefore,  selected  for  study  of  fatigue- 
creep-environment  interactions.  This  research  has  been 
conducted  by  examining  the  effects  of  frequency  on 
stress-controlled  fatigue  resistance  of  a  NijAl-B/Cr/Zr 
alloy  at  elevated  temperatures.  It  has  been  shown  in  the 
past17  that,  in  the  presence  of  creep  and/or  environmental 
interactions,  a  decrease  in  frequency  can  substantially 
decrease  fatigue  resistance  at  elevated  temperatures.  Test 
temperature,  environment,  and,  to  a  lesser  degree,  stress- 
range  were  additional  experimental  variables. 

II.  EXPERIMENTAL  PROCEDURE 

The  NijAl  alloy  used  in  this  study  was  provided 
by  Oak  Ridge  National  Laboratory  and  is  designated 
IC  218.  The  nominal  composition  is  listed  in  Table  I. 
The  oxygen  and  carbon  contents  were  less  than  150  and 
100  ppm.  respectively.  The  alloy  was  supplied  in  the 
form  of  a  1  cm  diameter  rod  produced  from  a  vacuum 
indication  melted  (VIM)  cast  ingot  which  had  been  hot 
extruded  at  1100  °C  and  cold  swaged  in  a  stainless 
steel  can.  Fatigue  specimens  with  a  3.0  mm  diameter 
by  11.3  mm  long  reduced  cylindrical  gage  section  were 
machined  from  the  rod.  The  samples  were  then  heat 
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TABLE  1.  Composition  (at.  %)  and  tensile  propenies  of  1C  218  (for  a 
cast  -*•  extruded  alloy.  14  nm  grain  size).1416 

Composition  (at.  %) 

Ni  A>  Cr  Zr  B 

Bal  8.45  8.13  0.90  0.02'’ 


Tensile  propenies  (*in  a  vacuum  of  less  than  13  x  10~3  Pa) 

T(°C)  Y.S.0.2%  (MPa)  UTS  (MPa)  Elongation  (*) 


25  °C 

640 

1405 

34.5 

•600  °c 

650 

1025 

26.1 

•800  °C 

576 

710 

19.8 

Normalized  stress 

ranges 

used 

T  (°C) 

A<r  (MPa) 

600 

690 

1.06 

600 

724 

1.11 

800 

690 

1  19 

treated  in  a  vacuum  of  less  tnan  3  x  10"1  Pa  at  1050  °C 
for  1  h.  and  at  800  °C  for  24  h,  resulting  in  the  micro¬ 
structure  exhibited  in  Fig.  1.  Due  to  the  Cr  content  the 
alloy  displayed  a  7/V  two  phase  microstructure."'  The 
alloy  was  fully  recrystallized  and  the  average  grain  size, 
measured  by  a  mean  linear  intercept  method,  was  ap¬ 
proximately  14  m.  After  abrasive  polishing  using  0.3  m 
alumina  powder  in  the  final  step,  the  samples  were  tested 
in  an  Instron  closed  loop  machine  under  stress-controlled 
cyclic  loading,  in  laboratory  air  or  in  a  vacuum  of 
less  than  1.5  x  10"'  Pa.  Test  frequencies  selected  were 


FIG.  1.  MKTOMTucuire  of  fC  218  after  heat  treatment. 


20  Hz.  2  Kz.  and  0.2  Hz.  at  temperatures  of  600  °C  or 
800  °C.  A  stress  range  of  690  MPa  initially  was  selected 
for  all  tests  but  a  higher  value  of  724  MPa  was  later  used 
at  600  °C  in  order  to  maintain  the  duration  of  the  tests 
performed  at  the  lowest  frequency  in  a  suitable  range. 
The  stress  ratio.  R  (minimum  to  maximum  stress),  was 
held  constant  at  0.1.  Tensile  data  obtained  from  other 
sources U  lh  on  an  identical  material  similarly  processed 
and  possessing  the  same  grain  size  of  14  m.  also  are 
listed  in  Table  1  along  with  the  stress  ranges  used  in  this 
work  (normalized  by  the  yield  stress).  In  order  to  have 
a  suitable  comparison  for  the  mechanism(s)  involved, 
some  stress-rupture  tests  were  performed  at  800  °C  in 
vacuum,  using  the  same  electrohvdraulic  closed-loop 
machine  under  constant  load  control.  Fracture  surfaces 
were  examined  in  a  scanning  electron  microscope  to 
determine  the  failure  initiation  sites  and  fracture  modes. 
Foils  for  transmission  electron  microscopy  (TEM)  were 
prepared  from  the  cross  section  of  the  gage  lengths  of 
a  number  of  fractured  specimens  to  examine  possible 
differences  in  the  deformation  substructures. 

III.  RESULTS 
A.  Fatigue  tests 

Results  of  the  stress-controlled  fatigue  tests  per¬ 
formed  under  different  conditions  of  frequency,  tempera¬ 
ture.  stress-range,  and  environment  are  listed  in  Table  11. 

The  influence  of  frequency  on  the  number  of  cycles 
to  failure  as  a  function  of  temperature  and  environment  is 
shown  in  Fig.  2.  The  data  show  a  monotonic  decrease  in 
the  number  of  cycles  to  failure  with  decreasing  frequency 
for  every  condition  of  temperature,  environment,  and 
stress-range  investigated.  For  a  given  frequency,  raising 
the  test  temperature  from  600  °C  to  800  aC  markedly 
reduces  the  fatigue  life  measured  as  cycles  to  failure 
and  the  reduction  in  fatigue  life  is  accentuated  at  lower 
test  frequencies.  An  air  environment  has  little  effect  on 
the  number  of  cycles  to  failure  at  any  frequency.  When 
the  data  are  replotted  in  terms  of  time  to  failure  versus 
frequency,  only  the  tests  performed  at  800  °C  show  a 
decrease  of  the  fatigue  life  with  decreasing  frequency. 
Time  to  failure  is  relatively  insensitive  to  test  frequency 
at  600  °C. 

Ductility.  m*asured  as  reduction  in  cross-sectional 
area  and  as  the  total  elongation  of  the  gage  length  after 
test,  see  Fig.  3.  appears  to  increase  monotonicallv  with 
a  decrease  in  the  frequency,  with  the  exception  of  the 
tests  performed  at  800  “C/0.2  Hz  in  both  vacuum  and 
air.  for  which  a  plateau  seems  to  be  reached.  The  values 
of  both  elongation  and  reduction  in  area  are  much  higher 
at  800  °C  than  at  600  °C  (see  Table  II).  Ductility  of  the 
samples  tested  in  air  was  always  lower  when  compared 
with  the  same  tests  performed  in  vacuum,  this  trend 
being  enhanced  by  an  increase  of  the  test  temperature 
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TABLE  11.  1C  218  tested  under  stress-controlled  fatigue  for  different  conditions  of  temperature,  frequency,  stress  range,  and  environment. 

Conditions 

v  (Hz) 

Nf 

R.A.  at  failure  (%) 

Elongation  at  failure  (%) 

Fracture  appearance 

600  °C/A<r  =  690  MPa 

20 

6  x  106 

15.2 

7.6 

TG  fatigue  zone,  initiated  at  the  surface 

Vacuum 

2 

1.88  x  106 

24.4 

11.2 

TG  fatigue  zone,  initiated  at  the  surface 

600  °C/A<r  *  690  MPa 

20 

4  x  106 

17.3 

7.5 

Mixed  IG  +  TG  fatigue  zone,  initiated  at 

Air 

the  sutface 

2 

1.7  x  106 

24.9 

8.0 

TG  fatigue  zone,  initiated  inside 

600  °C/A<r  =  724  MPa 

20 

7.35  x  105 

15.6 

11.1 

TG  fatigue  zone,  initiated  at  the  surface 

Vacuum 

2 

1.76  x  105 

28.9 

13.2 

TG  fatigue  zone,  initiated  at  the  surface 

0.2 

2.44  x  104 

46.2 

17.2 

Small  TG  fatigue  zone,  initiated  at  the 

surface 

600  “C/Aer  =  724  MPa 

20 

5  x  10-' 

17.4 

9.3 

Mixed  IG  +  TG  fatigue  zone,  initiated  at 

Air 

the  surface 

2 

1.6  x  10s 

25.6 

11.4 

IG  fatigue  zone,  initiated  at  the  surface 

0.2 

2.12  x  104 

31.8 

12.4 

Very  small  IG  fatigue  zone,  initiated  at 

the  surface  IG  areas  in  outer  rim 

800  °C/A<r  =  690  MPa 

20 

2.09  x  104 

53.8 

18.1 

No  fatigue  zone,  dimples  at  the  center 

Vacuum 

2 

1.14  x  103 

60.3 

19.5 

No  fatigue  zone,  dimples  at  the  center 

0.2 

60 

59.9 

23.1 

No  fatigue  zone,  dimples  at  the  c  'ter 

800  °C/A<r  =  690  MPa 

20 

1.73  x  104 

26.9 

10.1 

Very  small  IG  fatigue  tone.  initiated  at 

Air 

the  surface  +  small  dimple  zone  in 

the  center 

2 

9.4  x  102 

51.1 

17.1 

No  fatigue  zone,  dimples  at  the  center 

0.2 

30 

47.8 

22.4 

No  fatigue  zone,  dimples  in  center.  IG 

areas  in  outer  rim 

B.  Metallography  and  fractography 

The  observed  fracture  mode  varied  with  temperature 
and,  to  a  lesser  degree,  with  frequency  and  environment. 
Pertinent  information  concerning  the  resulting  fracture 
paths  for  each  of  the  tests  conducted  is  listed  in  Table  II. 
Samples  tested  under  vacuum  at  600  °C  exhibit  surface- 
connected  crack  initiation  with  a  relatively  flat  initial 
crack  propagation  zone,  although  the  overall  size  of  the 
fatigue  zone  decreased  as  the  frequency  was  decreased; 
e.g.,  see  Fig.  4.  The  fatigue  zones  as  well  as  the  overload 
zones  were  transgranuiar  at  600  °€,  as  shown  in  Fig.  5. 
For  tests  conducted  at  800  °C  in  vacuum,  no  indication 
of  a  defined  fatigue  zone  was  observed  at  any  of  the 
three  frequencies  investigated.  Cracks  always  initiated 
internally,  with  the  major  portion  of  the  fracture  occur¬ 
ring  by  microvoid  growth  and  coalescence,  leading  to 
fracture  paths  such  as  that  exhibited  in  Fig.  6. 

Samples  tested  in  air  at  600  °C  also,  as  in  vacuum, 
exhibited  surface-connected  crack  initiation  sites  with 
the  fatigue  zone  shrinking  as  the  frequency  was  lowered, 
but  the  fatigue  path  was  of  mixed  mode  at  high  frequency 
changing  to  a  primarily  intergranular  mode  at  lower  fre¬ 
quencies;  see  Fig.  7.  An  exception  to  this  result  was 
observed  for  the  sample  tested  at  690  MPa/2  Hz,  which 
exhibited  a  transgranuiar  fatigue  zone.  In  this  case,  the 
crack  initiated  internally,  probably  at  an  existing  defect. 
The  overload  zones  for  samples  tested  in  air  remained 


transgranuiar  and  were  similar  to  that  shown  in  Fig.  5. 
Tests  performed  in  air  at  800  °C  also  exhibited  internally 
initiated  fracture  with  dimples  in  the  center  of  the  frac¬ 
ture  areas,  but  the  portion  of  the  fracture  that  occurred 
by  microvoid  growth  and  coalescence  was  reduced  when 
compared  to  the  same  tests  run  in  vacuum.  Numerous 
intergranular  areas  were  present  along  the  outer  rim  at 
the  lowest  frequency  (Fig.  8),  indicating  a  very  limited 
intergranular  surface-connected  fatigue  zone. 

C.  TEM  observations 

Two  fractured  samples  were  examined  in  the  TEM. 
The  test  conditions  chosen  were  600  °C/72  MPa/20  Hz 
and  800  °C/690  MPa/0.2  Hz  as,  respectively,  tempera¬ 
ture,  stress-range,  and  frequency,  both  in  vacuum.  These 
conditions  are  at  both  extremities  of  the  range  of  tem¬ 
perature  and  frequencies  chosen  for  the  present  study 
and  should  therefore  correspond  to  the  maximum  differ¬ 
ences  in  the  dislocation  substructures.  Vacuum  has  been 
chosen  rather  than  air  in  order  to  better  isolate  possible 
creep  interaction.  The  sample  tested  at  600  °C/20  Hz 
[Fig.  9(a)]  exhibits  a  relatively  high  density  of  entangled 
dislocations.  Some  straight  dislocations  also  can  be  seen. 

A'  800  °C/0.2  Hz,  no  straight  dislocations  can  be 
seen  [Fig.  9(b)j.  Dislocation  densities  appear  to  be  sim¬ 
ilar  in  (a)  and  (b),  but  the  dislocations  tend  to  be 
rearranged  into  a  subgrain  structure  in  the  latter. 
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FIG-  2.  Effect  of  frequency  on  fatigue  lives  at  600  °C  and  800  °C 
in  vacuum  and  in  air. 


FREQUENCY  <Hz> 

FIG.  3.  Changes  in  elongation  as  a  function  of  test  frequency,  tem¬ 
perature.  and  environment. 


IV.  DISCUSSION 

When  alloys  are  cyclically  deformed  at  elevated 
temperatures,  and  only  fatigue  deformation  and  crack 
growth  occur,  the  number  of  cycles  to  failure  should 
be  independent  of  frequency;  see  Fig.  10(a).  In  this 
study,  however,  decreased  fatigue  lives  were  observed 
as  the  frequency  was  reduced  for  all  of  the  conditions 
investigated.  This  behavior  has  been  reported  in  many 
systems  and  has  been  related  to  a  creep  interaction, 
an  environmental  interaction,  and/or  the  combination  of 
the  two.17-19  Although  the  moderate  vacuum  used  in 
this  study  did  not  guarantee  those  tests  performed  in 
vacuum  were  completely  free  of  environmental  effects, 
the  results  provide  considerable  evidence  for  a  true  creep 
component  at  the  temperatures  of  interest. 

A.  Creep  Interaction 

Samples  tested  at  800  °C  under  vacuum  exhibit  a 
fracture  initiated  internally  by  microvoid  growth  and 
coalescence  at  each  of  the  frequencies  employed.  At 
600  °C  the  fatigue  zones  decreased  in  size  as  the 
frequency  was  lowered.  Moreover,  the  large  increase 
in  ductility  observed  with  decreasing  frequency  at  both 
temperatures  is  particularly  strong  evidence  for  the  role 
of  creep  in  the  fatigue  process.  Additional  evidence  for  a 
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creep-fatigue  interaction  is  provided  by  the  experiments 
conducted  in  air.  Although  fatigue  lives  are  slightly 
shorter  compared  to  the  same  tests  run  in  vacuum,  the 
general  trend  of  the  results  in  these  experiments  parallels 
those  obtained  in  vacuum  (i.e.,  the  slopes  of  Nf  and  if 
vs  v  are  identical),  indicating  that  environment  plays  a 
minor  role  in  the  observed  frequency  dependence  on  the 
stress-controlled  fatigue  life.  Finally,  while  TEM 
revealed  no  major  differences  in  dislocation  substructure 
at  the  extremes  of  temperature  and  frequency,  there  is 
some  indication  of  cell  formation  at  the  lowest  fre¬ 
quency,  Fig.  9(b). 

On  the  other  hand,  if  creep  alone  were  the  principal 
mechanism  for  failure,  the  time  to  failure  would  not  be 
expected  to  be  a  function  of  frequency.  A  schematic 
representation  of  specimen  life  versus  frequency  for 
creep  and  fatigue-dominated  processes  is  shown  in 
Fig.  10  (after  Stoloff20).  The  transient  regions  between 
the  two  “pure"  mechanisms  are  qualitatively  represented. 
In  Fig.  10(b),  it  can  be  seen  that  since  the  lower 
frequency  represents  a  lower  applied  stress  rate,  it  is 
expected  that  fatigue  life  measured  in  elapsed  time 
should  increase  with  decreasing  frequency  if  the  process 
is  fatigue-dominated.  If  creep  processes  dominate, 
however,  lower  applied  stress  rates  should  result  in 
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H(i  4  StM  tractoeraphs  of  samples  tested  at  600  C  in  vacuum  at 
'2d  MPa  i.ii  i  -  ;o  Hz  and  (hi  r  =  0  2  Hz 

decreased  lifetimes  since  a  larger  fraction  of  SDecimen 
life  is  spent  y.  nigh  stresses  tor  a  fixed  number  of  cycles 
On  the  basts  of  this  qualitative  representation,  the 
evolution  of  tne  fracture  mode,  and  the  observed  increase 
”f  time  to  failure  with  decreasing  the  frequency,  at  the 
mwesi  treciuenvv.  it  appears  that  creep  begins  io  intcraci 
j:  (  aimough  the  primarv  failure  mode  is  fatigue 

At  son  (  .  tne  a  rise  nee  of  a  well-defined  fatigue  zone 
(’n  the  fracture  surface,  tne  internal  initiation  of  the 
fractures,  and  me  relativelv  weak  trequenev  effect  on  the 
dme  to  failure  indicate  that  creep  is  predominant  How¬ 
ever.  care  snould  be  taken  in  interpreting  the  temperature 
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(b) 

FKi  ?  SFM  traciuEraphs  ot  a  sample  tested  j:  tv«i  c  in  vacuum 
MPa.  i  -  2  Hz  u>  taucuc  zone  an  J  ■  ^  *  overload  z.»ru 

dependence  ol  the  magnitude  of  the  creep  component 
since  the  value  ot  the  stress  range  normalized  b\  the 
vield  stress  is  higher  at  HIM •  C  than  at  him  C  (Table  1 1 

B.  Environmental  effects 

Although  creep-tatigue  interaction  larcelv  account' 
tor  the  reduction  in  high  temperature  fatigue  life  of 
1C  21b.  tests  performed  in  air  also  reveal  some  en¬ 
vironmental  effect'  Specimen  lives  were  slightlv  re 
duced  tor  the  lest'  run  in  air  Ductilities,  in  terms  of 
reductions  ot  area  as  well  as  total  elongation,  were 
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numerous  as  the  frequencv  was  decreased  However, 
only  a  weak  environmental  effect  on  the  la:  cue  life 
is  observed,  although  there  is  a  pronounced  effect  on 
the  ductility  and  on  the  fracture  surface  appearance 
The  former  indicates  a  limited  environmental  effect  on 
crack  nucleation.  whereas  the  latter  suggests  a  strong 
interaction  once  the  crack  is  initiated,  i.e..  on  crack 
propagation  This  suggests  that  most  of  the  fatigue  life 
is  spent  in  initiation.  These  results  also  confirm  previous 
studies  performed  on  the  same  class  of  chromium- 
cont.  ng  Ni-.AI  alloys.1'1''  That  is.  by  mimmizine  high 
temp... tore  oxygen  induced  embrittlement,  chromium 
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considerahlv  reduced  when  compared  to  the  tests  per- 
tormed  in  vacuum,  the  trend  being  enhanced  bv  in¬ 
creased  temperature  Moreover.  mator  changes  in  the 
fracture  morpholocv  were  observed  when  comparing 
nr  in  vacuum  A:  otiu  ('  fatieue  zones  were  con- 
ostentlv  transuranuiar  wnen  the  tests  were  pertormed 
n  vacuum,  but  were  partiallv  <ir  totallv  intergranular, 
ne  decree  of  intercianuiar  failure  increasing  with  dc- 
.reasing  frequence  At  SIM)  C.  in  air.  dimples  were 
'till  present  in  the  center,  although  intergranular  failure 
’ones  around  the  outside  of  the  sample  became  more 
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<b) 

no.  9  TEM  observations  of  dislocations  in  samples  tested  under 
two  widely  different  conditions:  (a)  T  —  600  °C.  v  -  20  Hz.  An  = 
724  MPa  and  (b)  T  =  800  °C.  u  =  0.2  Hz,  Act  =  690  MPa. 


additions  to  Ni?Al  improve  high  temperature  tensile 
properties  as  well  as  high  cycle  fatigue  properties  in 
air.  On  the  other  hand,  the  decreased  ductilities  and 
intergranular  fatigue  zones  show  that,  once  a  crack  is 
initiated,  "dynamic”  oxygen  embrittlement  occurs. 

V.  CONCLUSIONS 

(1)  The  elevated  temperature  fatigue  resistance  of 
the  NijAl-B/Cr/Zr  alloy  IC  218,  tested  under  load  con¬ 
trol  at  600  0  C  and  800  °C,  is  sensitive  to  test  frequency 
and  temperature.  Life  decreases  with  a  decrease  in  the 
frequency  and/or  an  increase  of  the  temperature. 


(b) 

FIG  10.  Schematic  diagrams  of  specimen  life  versus  frequency  for 
creep  and  faiigue-dominated  processes:  (a)  number  of  cycles  and 
(b)  duration.*’ 


(2)  The  fractographic  features  as  well  as  enhanced 
ductility  observed  with  decreasing  frequency  provide 
evidence  for  a  creep  interaction  being  the  predominant 
mechanism  for  these  effects. 

(3)  The  relative  role  of  each  phenomenon,  i.e..  creep 
and  fatigue,  is  frequency  and  temperature  dependent. 
Within  the  stress  range  and  frequency  conditions  used, 
creep  begins  to  interact  at  about  600  °C  with  a  still 
predominant  fatigue  failure  mode,  but  creep  is  the  major 
mechanism  for  failure  at  800  °C. 

(4)  An  air  environment  has  a  weak  effect  on  crack 
initiation  but  strongly  influences  crack  propagation  with 
fatigue  zones,  when  present,  becoming  partly  and/or 
entirely  intergranular. 
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Effects  of  Temperature  and  Environment  on  the  Tensile 
and  Fatigue  Crack  Growth  Behavior  of  a  Ni3AI-Base  Alloy 


W.  MATUSZYK,  G.  CAMUS,  D.J.  DUQUETTE,  and  N.S.  STOLOFF 

The  effects  of  temperature,  frequency,  and  environment  on  the  tensile  and  cyclic  deformation 
behavior  of  a  nickel  aluminide  alloy,  Ni-9.0  wt  pet  Al-7.97  pet  Cr-1.77  pet  Zr  (IC-221),  have 
been  determined.  The  tensile  properties  were  obtained  in  vacuum  at  elevated  temperatures  and 
in  air  at  room  temperature.  The  alloy  was  not  notch  sensitive  at  room  temperature  or  at  600  °C, 
unlike  Cr-free  Ni3Al  +  B  alloys.  In  general,  crack  growth  rates  of  IC-221  increased  with  in¬ 
creasing  temperature,  decreasing  frequency,  exposure  to  air,  or  testing  at  higher  R  ratios.  At 
25  °C,  crack  growth  rates  were  slightly  higher  than  for  a  previously  investigated  Cr-free  Ni3Al 
alloy.  However,  at  600  °C,  the  crack  growth  rates  for  IC-221  were  lower  than  for  the  Cr-free 
alloy.  Substantial  frequency  effects  were  noted  on  crack  growth  of  IC-221  at  both  600  °C  and 
800  °C  in  both  air  and  vacuum,  especially  at  high  K.  The  relative  contributions  of  creep  and 
environmental  interactions  to  fatigue  crack  growth  are  discussed. 


I.  INTRODUCTION 

The  Ni3Al  intermetallic  has  received  considerable  at¬ 
tention  due  to  its  potential  for  engineering  applications 
at  elevated  temperatures.  Despite  such  attractive  features 
as  increased  strength  at  high  temperature  and  good  ox¬ 
idation  and  corrosion  resistance,  applications  of  poly¬ 
crystalline  Ni3Al  have  been  limited  by  its  low  ductility 
at  room  temperature. 

Microalloying  of  Ni3Al  with  boron  has  proven  to  be 
very  effective  in  improving  ductility.11 21  Unfortunately, 
Ni3Al  experiences  a  ductility  loss  when  tensile  tested  in 
an  oxidizing  environment  between  500  °C  and  1000  °C, 
accompanied  by  a  transition  in  fracture  path  from  trans- 
granular  to  intergranular.131  An  effective  solution  to  this 
problem  has  been  to  alloy  Ni3Al  with  moderate  amounts 
of  Cr  (8  pet).13  41  The  beneficial  effect  of  Cr  may  be  to 
develop  a  Cr203  subscale  which  could  reduce  the  sever¬ 
ity  of  dynamic  embrittlement.,3,  Previous  studies121  have 
indicated  that  chemisorption  of  oxygen  ultimately  results 
in  weakening  of  atomic  bonding  across  grain  bound¬ 
aries.  The  present  work  examines  the  tensile  and  fatigue 
crack  growth  properties  of  a  Ni3Al  +  B  alloy  containing 
Cr  and  Zr.  In  performing  this  study,  temperature,  en¬ 
vironment,  and  frequency  (for  the  cyclic  deformation  tests) 
were  the  principal  experimental  variables. 

II.  EXPERIMENTAL  PROCEDURE 

A.  Alloys 

A  heat  of  an  alloy,  designated  IC-221,  was  received 
from  Oak  Ridge  National  Laboratory,  Oak  Ridge,  TN. 
The  composition  of  the  tested  alloy  is  9.0  wt  pet  Al, 
7.97  pet  Cr,  1.77  pet  Zr,  0.02  pet  B,  and  bal.  Ni.  The 
alloy  was  hot  isostatically  pressed  (HIP)  from  prealloyed 
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powders  and  hot  extruded.  The  ingot  was  4.4  cm  in  di¬ 
ameter  by  25.4  cm  in  length.  This  material  was  used  for 
both  tensile  and  crack  growth  experiments. 

B.  Metallography  and  Microstructure 

Metallographic  samples  were  mounted  in  epoxy  or 
bakelite  and  then  mechanically  polished  through  600  grit 
SiC  paper,  9-p.m  diamond  paste,  and  a  0.3-jim  A1:03 
slurry.  The  samples  were  then  chemically  etched  with 
(Callings  reagent  to  reveal  their  microstructures.  The  grain 
size  was  measured  using  the  linear-intercept  technique. 

Heat  treatments  were  performed  in  vacuum  at  1 150  °C 
for  0.5  hours  with  a  furnace  cool  to  800  °C  and  a  hold 
for  24  hours  followed  by  a  furnace  cool  to  room 
temperature. 

The  microstructure  of  the  alloy,  in  the  as-received 
condition,  exhibited  fine,  apparently  unrecrystallized 
grains  of  <l-j*m  diameter.  The  grain  size  of  the  heat- 
treated  material  was  8  p.m  (Figure  1).  A  slight  degree 
of  porosity  was  detected  in  the  alloy,  which  was  not  sur¬ 
prising  for  a  powder  metallurgy  product.  At  high  mag¬ 
nification,  a  second  phase  was  detected;  this  phase  is 
reported  to  be  disordered  y.131 

C.  Tensile  Testing 

Tensile  samples  were  machined  from  IC-221  prior  to 
heat  treatment.  The  sample  geometry  is  shown  in 
Figures  2(a)  and  (b)  for  unnotched  and  notched  samples, 
respectively.  Following  the  appropriate  heat  treatment, 
unnotched  tensile  samples  were  mechanically  polished  in 
a  fashion  similar  to  the  metallographic  samples.  Notched 
samples  were  not  polished  prior  to  testing. 

The  samples  were  tested  in  a  servohydraulic  machine 
with  a  resistance-heated  environmental  chamber.  This 
permitted  testing  up  to  800  °C  in  air  or  in  vacuum.  A 
split  wedge-action  grip  was  used.  All  tests  were  per¬ 
formed  in  stroke  mode  at  a  strain  rate  of  4.2  x  10~4  s_l. 
The  temperature  was  monitored  with  a  chromel-alumel 
thermocouple  in  contact  with  the  gage  section  of  the 
sample.  A  20-minute  soak  was  employed  once  the  sam¬ 
ple  reached  test  temperature  to  allow  the  sample  to 
equilibrate. 
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Fig.  1  — Microstrocture  of  HIP  and  extruded  IC-221  alloy. 


Unnotched  and  notched  samples  of  IC-22 1  were  tested 
at  room  temperature  in  air  and  at  600  °C  and  800  °C  in 
vacuum  (<4.5  x  10~3  Pa). 

D.  Fatigue  Crack  Growth 

The  fatigue  crack  growth  properties  of  IC-221  were 
examined  as  a  function  of  temperature,  environment,  and 
R  ratio  (minimum/maximum  stress).  All  crack  propa¬ 
gation  experiments  were  conducted  on  compact  tension 
samples  of  the  geometry  shown  in  Figure  2(c).  Electro¬ 
discharge  machining  was  used  to  ensure  a  sharp  notch 
for  precracking.  Crack  growth  was  monitored  using  either 
a  traveling  microscope  or  a  dc  potential  drop  technique. 
During  the  initial  room-temperature  tests,  crack  growth 
was  monitored  simultaneously  by  the  dc  potential  drop 
technique  and  the  traveling  microscope.  This  provided  a 
calibration  curve  between  the  observed  potential  (hop  and 
the  actual  length  measured  with  the  microscope. 

Crack  growth  tests  were  performed  at  room  temper¬ 
ature  in  air  at  R  =  0.1  and  R  =  0.6.  Elevated  temper¬ 
ature  tests  were  performed  at  600  °C  and  800  °C  at  R  =  0.1 
and  R  =  0.6  in  air  and  in  vacuum.  The  standard  test 
frequency  was  20  Hz,  except  at  800  °C,  where  frequen¬ 
cies  were  controlled  in  the  range  of  0.02  to  20  Hz.  Crack 
growth  was  monitored  by  the  potential  drop  technique 
only  at  600  °C  and  800  °C. 


III.  RESULTS 


A.  Tensile  Tests 

Tensile  properties  of  IC-22 1  are  listed  in  Table  I  and 
shown  in  Figure  3.  IC-221  did  not  display  notch  sensi¬ 
tivity  at  room  temperature  or  at  600  °C  (Table  II).  In 
general,  an  alloy  is  considered  notch  sensitive  if  the  notch 
sensitivity  ratio  (UTSry*c^/UTSumK*ch<<1)  is  less  than  1 .0. 

B.  Fatigue  Crack  Growth 

The  influence  of  temperature  on  fatigue  crack  growth 
rate  (FCGR)  for  IC-221  tested  at  a  constant  frequency 
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Fig.  2 — Test  sample  configurations:  (a)  unnotched  tensile,  (b)  notched 
tensile,  and  (r)  compact  tension. 


of  20  Hz  is  shown  in  Figures  4(a)  and  (b)  for  R  =  0. 1 
and  R  —  0.6,  respectively.  An  increase  in  temperature 
produces  a  significant  increase  in  FCGR  in  similar  en¬ 
vironments.  At  800  °C,  crack  growth  rates  are  about 
100  times  higher  than  at  25  °C.  The  increase  in  temper¬ 
ature  also  results  in  decreased  values  of  the  threshold 
stress  intensity  range,  A K*. 

Crack  growth  rates  of  IC-221  increased  as  the  envi¬ 
ronment  was  changed  from  vacuum  to  air  at  constant  R 
ratio  and  temperature.  Testing  in  air  resulted  in  only  a 
slight  decrease  of  A K*  values  at  R  =  0.1  (Figure  4(a)). 
The  difference  in  da/dN  between  air  and  vacuum  was 
greater  at  high  K  than  at  low  K. 

The  effects  of  temperature  and  R  ratio  on  FCGR  of 
IC-221  in  air  and  in  vacuum  are  individually  summa¬ 
rized  in  Figures  5(a)  and  (b),  respectively.  Note  that  at 
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Table  I.  Tensile  Data  for  IC-221  Alloy 


Sample 

TCC) 

Environment 

Yield  Strength 

UTS 

Ductility 

(Pet) 

(ksi) 

(MPa) 

(ksi) 

(MPa) 

IC-221 

25 

air 

94.8 

653.2 

206.0 

1419.3 

21.3 

IC-221 

600 

vacuum 

116.1 

800.0 

152.3 

1049.3 

23.2 

IC-221 

800 

vacuum 

101.0 

695.9 

109.9 

757.2 

15.2 

both  600  °C  and  800  °C  in  air,  there  is  a  substantial  ef¬ 
fect  of  R  ratio  on  growth  rate  near  threshold,  but  the 
effect  diminishes  with  increasing  A K  (Figure  5(a)).  In 
vacuum,  on  the  other  hand,  there  is  a  strong  effect  of  R 
on  growth  rates  at  all  K  at  600  °C  and  no  effect  at  800  °C 
(Figure  5(b)). 

The  effects  of  test  frequency  on  FCGR  at  800  °C  in 
air  and  in  vacuum,  at  R  =  0. 1 ,  are  shown  in  Figures  6(a) 
and  (b),  respectively.  Note  in  Figure  6(a)  that  crack  growth 
rates  in  air  increase  substantially  with  decreasing  fre¬ 
quency  at  high  K  but  that  there  is  little  or  no  effect  of 
frequency  near  threshold.  In  vacuum,  a  similar  effect  is 
noted,  but  it  is  not  as  clear  cut  (Figure  6(b)).  In  fact,  the 
curve  for  v  =  0.02  Hz  has  an  entirely  different  shape 
from  the  other  two.  The  data  have  been  recalculated  for 
R  -  0.1  on  the  basis  of  time-dependent  growth  in 
Figures  7(a)  and  (b),  and  both  da/dN  and  da /at  are  plot¬ 
ted  vs  frequency  at  A K  —  25  MPa-m  in  Figure  8.  A  clear 
trend  of  decreasing  crack  growth  rate,  da/dN,  with  in¬ 
creasing  frequency  is  seen,  with  the  crack  growth  rates 
more  than  10  times  lower  in  vacuum  than  in  air  at  all 
but  20  Hz.  The  growth  rate  based  on  time,  da/dt ,  shows 
the  opposite  trend  with  frequency,  with  a  higher  growth 
rate  at  higher  frequency  in  both  vacuum  and  air 
(Figures  7(a)  and  (b)  and  8). 

C.  Fractography 

Scanning  electron  microscopic  (SEM)  examination  of 
samples  fractured  between  25  °C  and  700  °C  in  vacuum 
revealed  transgranular  failure  with  dimpled  regions  pres¬ 
ent.  A  significant  difference  in  fracture  mode  was  ob¬ 
served  in  a  specimen  of  IC-221  tested  in  tension  at  800  °C 
in  vacuum  (4.5  x  10-3  Pa).  The  fracture  is  a  mixture  of 
transgranular  ductile  tearing  with  intergranular  facets 
(Figure  9). 

Crack  growth  samples  of  IC-221  showed  fracture  paths 
that  varied  with  both  temperature  and  environment. 
Intergranular  fracture  was  noted  for  a  test  at  600  °C  in 
air  (Figure  10(a)),  while  transgranular  fracture  was  noted 
at  600  ®C  in  vacuum  (Figure  10(b)). 

At  800  °C  in  air,  IC-221  revealed  for  all  test  frequen¬ 
cies  and  both  R  ratios  a  heavily  oxidized  surface  in  which 
the  fatigue  crack  path  could  not  be  identified.  However, 
the  overload  zone  invariably  was  intergranular.  In  vac¬ 
uum,  a  mixed  mode  of  fracture  was  observed  for  R  -  0. 1 


Table  II.  Notch  Sensitivity  Values  (NSR)  for  IC-221 


TCC) 

Environment 

NSR 

25 

air 

1.02 

600 

vacuum 

1.40 

at  20  Hz  (Figure  1 1(a)).  At  lower  test  frequencies,  the 
fracture  was  entirely  intergranular  in  vacuum  for  R  - 
0. 1  or  R  =  0.6,  as  shown,  for  example,  in  Figures  1 1(b) 
and  (c)  for  fatigue  and  overload  zones,  respectively. 

IV.  DISCUSSION 

A.  Tensile  Behavior 

The  tensile  results  reported  here  (Figure  3)  were  ob¬ 
tained  primarily  to  establish  the  stress  levels  at  which 
fatigue  crack  growth  tests  were  to  be  run  and  to  deter¬ 
mine  whether  the  alloys  were  notch  sensitive.  It  is  in¬ 
teresting  to  note  that  although  the  room-temperature 
ductility  of  IC-221  is  only  about  20  pet  (Figure  3),  there 
is  no  sudden  drop  in  ductility  at  600  °C  and  above.  The 
lack  of  notch  sensitivity  of  IC-221  (Table  II)  is  partic¬ 
ularly  noteworthy.  Previous  work  has  shown  that  al¬ 
though  NijAl  +  B  is  ductile  at  room  temperature,  it  is 
quite  notch  sensitive.19'  Manganese  also  eliminates  notch 
sensitivity  in  NijAl  +  B,  probably  through  the  presence 
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Fig.  3 — Tensile  lest  results  as  a  function  of  test  temperature  for 
IC-221  alloy. 
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(a)  (b) 


Fig.  4 — Crack  propagation  rates  for  IC-221  alloy  as  a  function  of  &K  in  air  and  in  vacuum  at  room  temperature.  600  “C,  and  800  °C;  v  =  20  Hz: 
(a)  R  =  0. 1  and  (6)  R  -  0.6. 


of  a  disordered  second  phase.151  The  IC-221  utilized  in 
this  investigation  contains  a  small  amount  of  disordered 
y  (Ni-rich  solid  solution),131  suggesting  the  generally 
beneficial  effect  of  such  a  phase  on  notch  sensitivity. 


B.  Fatigue  Crack  Growth 

Plastic  zone  sizes  were  estimated  according  to  the 
Irwin161  equation: 


where  the  cyclic  yield  stress,  <ry,  is  estimated  to  be  twice 
the  tensile  yield  stress  (due  to  cyclic  hardening)  and  ry 
is  the  plastic  zone  size.  Plane  strain  conditions  (r,/B  < 
0.02,  where  B  =  specimen  thickness)  were  not  achieved 
at  AK  values  greater  than  25  MPam~'/2  at  25  °C, 
30  MPanT,/2  at  600  °C.  and  26  MPa  m‘l/J  at  800  °C. 
Therefore,  the  results  do  not  conform  to  ASTM  Standard 
E  637, 171  and  the  crack  growth  data  can  be  used  only  to 


analyze  trends  in  properties  of  this  alloy  as  a  function  of 
temperature,  R  ratio,  and  environment. 

At  25  °C,  crack  growth  of  IC-221  occurs  slightly  faster 
than  for  a  wrought  Cr-free,  single-phase  NijAl-base  alloy 
(IC-50)1*1  at  low  AK  only,  as  shown  in  Figure  12.  At 
high  K,  crack  growth  rates  for  the  two  alloys  are  iden¬ 
tical.  At  600  °C,  on  the  other  hand,  IC-221  cracks  at  a 
lower  rate  than  IC-50,  as  is  also  shown  in  Figure  12. 
The  results  of  crack  growth  experiments  carried  out  at 
600  °C  in  vacuum  have  been  compared  to  those  for  other 
high-temperature  alloys  (Figure  13).  Only  an  ordered 
(Fe,  Ni)jV  +  Ti  alloy,  LRO-60P1  Fe-39.5  wt  pet  Ni,  37  pet 
Fe,  22.4  pet  U,  0.4  pet  Ti,  and  IN  X-750,fl01  possesses 
lower  crack  growth  rates  at  AK  =  20  MPa-m-,/3.  At  high 
AK,  IC-221  displays  lower  crack  growth  rates  than  all 
the  other  high-temperature  alloys  shown  in  Figure  13. 

Crack  growth  rates  increased  for  IC-221  between  25  °C 
and  800  °C  in  spite  of  an  increasing  yield  stress  over  the 
same  temperature  range.  One  possible  explanation  for 
the  high  growth  rates  at  elevated  temperature  is  an  en¬ 
vironmental  effect  due  to  adsorbed  oxygen  at  the  crack 
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Fig.  5 — Crack  propagation  rates  for  IC-221  alloy  as  a  function  of 
AK  and  R  at  600  °C  and  800  °C;  v  *  20  Hz:  (a)  in  air  and  ( b )  in 
vacuum. 
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Fig.  6 — Crack  propagation  rates  for  IC-221  alloy  as  a  (unction  of 
A/f  and  frequency  at  800  °C:  (a)  in  air  and  (A)  in  vacuum. 


tip.1141  The  crack  propagation  experiments  on  IC-221  were 
carried  out  both  in  air  and  in  moderate  vacuum  (<4.3  x 
10~3  Pa).  Although  the  surfaces  of  the  specimens  tested 
in  vacuum  appeared  to  be  shiny  after  the  test,  fractog- 
raphy  revealed  oxide  formation  in  the  fatigue  zones 
(Figure  10(b)). 


The  values  of  A/f*  decreased  with  increasing  load  ratio 
for  IC-221  at  all  temperatures.  The  effect  of  load  ratio 
on  near  threshold  crack  propagation  rates  may  be  ra¬ 
tionalized  by  crack  closure.  At  the  threshold  levels,  crack 
tip  opening  displacements  (CTOD)  are  small.  Hence. 
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Fig.  7  —  Time-based  crack  propagation  rates  for  IC-221  alloy  as  a 
function  of  the  maximum  stress  intensity,  frequency,  and  R  ratio  at 
800  °C:  (a)  in  air  and  lb)  in  vacuum. 


oxide  debris  with  a  thickness  comparable  to  the  CTOD 
or  fracture  surface  roughness  with  a  mismatch  between 
the  mating  facets  will  cause  early  contact  of  fracture  sur¬ 
faces  and  raise  the  crack  closure  loads.  The  greater  the 
oxide  thickness  or  the  rougher  the  fracture  surface,  the 
higher  will  be  the  degree  of  crack  closure.  This  results 
in  a  reduction  of  the  effective  crack  tip  stress  intensity, 
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FREQUENCY  <Hz> 

Fig.  8 — Influence  of  frequency  and  environment  on  crack  growth  rates 
of  IC-221  at  800  °C;  A  AT  »  25  MPa-m. 


A Kfff.  thus  increasing  the  apparent  value  of  A K,h.  Oxide- 
and  roughness-induced  closure  are  significant  only  at  low 
R  values,  since  high  load  ratios  minimize  crack  closure. 

At  both  600  °C  and  800  °C,  with  an  R  ratio  of  0.1. 
A K,h  values  are  virtually  identical  in  both  air  and  vac¬ 
uum.  At  high  A K,  both  air  and  vacuum  curves  also  tend 
to  merge,  with  a  maximum  difference  in  da/dN  being 
observed  at  intermediate  A K  ranges.  These  data  indicate 
that  at  these  temperatures,  where  oxidation  rates  are  low. 
oxide  affected  crack  closure  does  not  influence  the  val¬ 
ues  of  A K,h.  At  high  A K.  crack  propagation  rates  are 
sufficiently  high  so  that  the  cracks  are  driven  primarily 
by  cyclic  mechanical  driving  forces,  i.e..  pure  fatigue. 
In  the  intermediate  A K  range,  air  increases  the  FCGR 
when  compared  to  vacuum,  and  the  fracture  path  is 
changed  from  transgranular  in  vacuum  to  intergranular 


Fig.  9 — SEM  fnctograph  of  IC-221  showing  transgranular  ductile 
tearing  with  intergranular  cleavage  facets;  tensile  test.  800  °C.  vacuum. 
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Tabic  III.  Activation  Energies 
for  Crack  Growth  of  IC-221 


Environment 

«u 

(MPa  •  m) 

Temperature 

Range 

Q 

(kJ/m) 

Air 

20 

600  to  800 

89 

Air 

30 

600  to  800 

82 

Vacuum 

20 

600  to  800 

96 

Vacuum 

30 

600  to  800 

100 

in  air.  A  similar  effect  has  been  observed  in  an 
(Fe,Ni)3V  +  Ti  alloy  (LRO-42)  which  has  essentially 
the  same  composition  as  alloy  LRO-60,  data  for  which 
are  included  in  Figure  <3.  Tire  increase  in  growth  rates 
in  air  relative  to  vacuum  may  be  attributed  to  the  ad¬ 
sorption  of  oxygen  at  the  crack  tip,  leading  to  inter¬ 
granular  embrittlement  of  the  alloy.1141 

At  600  °C  and  800  °C  with  an  R  ratio  of  0.6,  A K,h  is 
larger  in  air  than  in  vacuum.  As  for  an  R  ratio  of  0. 1 , 
the  FCGR’s  in  air  and  in  vacuum  tend  to  merge  at  high 
A K,  and  the  differences  between  them  are  maximized  at 
intermediate  AATs  (Figure  4(b)).  These  data  indicate  that 
the  absence  of  closure  due  to  a  high  R  ratio  results  in  a 
greater  interaction  of  the  alloy  with  oxygen  at  the  crack 
tip  at  low  K  and,  thus,  results  in  some  embrittlement. 
As  for  an  R  ratio  of  0.1,  high  K' s  show  little  effect  of 
environment,  indicating  that  crack  propagation  effec¬ 
tively  outpaces  oxidation  processes. 

The  specific  effects  of  environment  and  R  ratio  are 
shown  in  Figure  5,  which  verifies  that  in  air,  the  R  ratio 
is  only  important  at  low  to  intermediate  A K.  In  vacuum, 
on  the  other  hand,  the  R  ratio  is  only  important  at  600  °C, 


AK  (MPav/m) 

Fig.  12 — Comparative  crack  propagation  rates  as  a  function  of  A  AT 
for  alloys  IC-50  and  IC-221  at  room  temperature.  600  °C,  and  800  *C 
in  air  and  in  vacuum. 
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Fig.  13 — Comparative  crack  propagation  rates  as  a  function  of  A K 
for  IC-221  and  a  number  of  commercial  and  experimental  alloys  be¬ 
tween  550  “C  and  650  "C.i>® 

over  the  entire  AAT  range.  At  800  °C,  increasing  the  R 
ratio  from  0.1  to  0.6  has  little  perceptible  effect  on 
FCGR’s  at  any  A  AT.  These  data  confirm  the  concept  that 
only  when  Atf ’s  are  low  can  oxidative  processes  affect 
FCGR’s.  Moreover,  the  tests  performed  ir  vacuum  in¬ 
dicate  that  the  cyclic  stress  range,  rather  than  the  max¬ 
imum  stress,  provides  the  driving  force  for  crack  growth 
at  800  °C.  At  600  °C,  there  is  an  apparent  effect  of  R 
which  appears  to  contradict  this  observation.  However, 
at  the  vacuum  levels  used  in  this  study,  it  is  likely  that 
some  oxygen  embrittlement  has  occurred,  since  the  FCGR 
is  considerably  lower  than  at  800  °C,  thus  providing  more 
time  for  oxidative  reactions. 

The  effect  of  environment  also  can  be  determined  by 
examining  the  effects  of  cyclic  frequency  shown  in 
Figures  6  and  7.  In  air,  A  AT*  is  independent  of  fre¬ 
quency,  while  FCGR’s  increase  at  intermediate  to  high 
AAf’s.  These  effects  are  due  to  the  increased  oxidation 
time  available  at  the  crack  tip  during  slower  cycling,  and 
when  the  data  are  plotted  as  da/dt  rather  than  da/dN,  it 
can  be  seen  that,  excepK  at  the  highest  frequencies,  the 
data  are  relatively  independent  of  either  frequency  or  R 
ratio.  The  apparent  discrepancy  at  the  highest  frequency 
is  believed  to  be  due  to  crack  propagation  which  is  more 
rapid  than  oxygen-induced  embrittlement  in  the  process 
zone  ahead  of  the  crack.  When  tests  are  performed  in 
vacuum,  frequency  has  little  or  no  effect  on  FCGR’s. 
excepx  at  the  lowest  frequency  of  0.02  Hz.  It  is  likely 
that  the  moderate  vacuum  used  in  these  experiments  was 
not  sufficient  to  inhibit  environmental  interactions  at  this 
low  frequency. 

As  shown  in  Figure  8,  there  is  a  pronounced  increase 
in  growth  rate  (da/dN)  at  800  °C  with  decreasing  fre¬ 
quency  to  2  Hz  in  vacuum  and  to  0.02  Hz  in  air.  The 
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absolute  value  of  growth  rate  remains  higher  in  air  at  all 
frequencies,  but  the  differences  in  growth  rate  narrow  at 
high  frequency.  Previous  work  on  a  similar  alloy,  IC-218, 
Ni-85  wt  pet  Al-76  pet  0-0.83  pet  Zr,  under  stress  con¬ 
trolled  high  cycle  fatigue  conditions  revealed  a  decrease 
in  the  number  of  cycles  to  failure  with  decreasing  fre¬ 
quency  at  both  600  °C  and  800  °C.1121  Strain  to  failure 
and  reduction  in  area  also  increased  with  decreasing  fre¬ 
quency,  suggesting  a  contribution  of  creep  to  deforma¬ 
tion  during  the  fatigue  tests.1131  However,  it  is  clear  from 
the  oxidized  intergranular  fracture  surfaces  obtained  at 
all  frequencies  that  environmental  attack  occurs  even  in 
the  vacuum  employed  for  these  experiments.  Therefore, 
the  frequency  effect  on  growth  rate  probably  reflects  a 
combination  of  environmental  (oxygen)  attack  and  creep 
processes,  although  it  is  believed  that  environmental 
interactions  are  dominant.  Also  noted  at  low  frequencies 
was  an  increased  number  of  secondary  cracks.  Such  cracks 
also  were  noted  by  Hippsley  and  DeVan1141  in  their  static 
fatigue  tests  on  a  Ni-22.9  at.  pet  Al-0.5  pet  Hf-0.24  pet  B 
alloy  (IC-50)  carried  out  in  air.  The  fact  that  these  cracks 
were  noted  in  our  work  only  at  low  frequencies  suggests 
that  diffusion  of  oxygen  is  necessary  for  these  cracks  to 
appear. 

It  is  instructive  to  compare  our  crack  growth  results 
under  cyclic  loading  with  the  crack  growth  data  under 
static  loading  in  air  reported  by  Hippsley  and  DeVan1 141 
fer  IC-50  in  the  temperature  range  of  500  °C  to  760  °C. 
Fracture  in  the  latter  alloy  occurred  by  stable  inter¬ 
granular  cracking,  with  an  apparent  activation  energy  of 
1 10  kJ/mol  for  the  process.  That  value  is  smaller  than 
that  for  oxygen  diffusion  along  grain  boundaries  in  pure 
nickel  in  the  absence  of  stress  (—311  kJ/mol).1'51 

Utilizing  crack  growth  data  for  IC-221  at  600  °C  and 
800  °C  (from  Figure  5(a))  at  a  stress  intensity  range  of 
20  MPa-ml/2  (comparable  to  the  stress  intensity  of 
15.8  MPaml/2  used  in  the  static  fatigue  tests),  apparent 
activation  energies  of  89  kJ/mol  for  tests  in  air  and  96  kJ/ 
mol  for  tests  in  vacuum  are  obtained.  Similar  numbers 
are  obtained  for  AAT  =  30  MPa  ml/2  (Table  III).  Since 
IC-221  contains  7.97  wt  pet  Cr,  while  IC-50  is  Cr-free, 
one  might  expect  a  lower  crack  growth  rate  for  IC-22 1 
in  a  similar  temperature  range  (500  °C  to  760  °C),  with 
perhaps  a  transgranular  crack  path  for  IC-221 .  However, 
it  is  clear  from  Figure  10(a)  that  Cr  is  unable  to  prevent 
intergranular  slow  crack  growth  in  air  at  600  °C.  With 
regard  to  activation  energies,  the  lower  activation  ener¬ 
gies  obtained  in  both  environments  for  cyclic  crack  growth 
of  IC-221  than  for  static  crack  growth  of  IC-50  in  air 
might  be  accounted  for  by  one  or  more  of  the  following 
factors: 

(a)  if  oxidation  is  rate  controlling,  oxide  formation  may 
be  more  rapid  in  IC-22 1  than  in  IC-50  due  to  the  effects 
of  Cr1161  and  Zr1161  in  promoting  the  formation  of  a  sur¬ 
face  film; 

(b)  cyclic  crack  growth,  in  which  the  oxide  film  is  bro¬ 
ken  by  repeated  loading  and  unloading  of  the  crack,  may 
allow  oxygen  more  ready  access  to  the  crack  tip  than 
would  static  growth;  or 

(c)  cracking  may  be  controlled  by  some  mechanism  other 
than  oxygen  diffusion. 

Recent  research  in  our  laboratory  on  oxidation  of  IC-221 


in  the  range  of  900  °C  to  1 100  °C  revealed  that  mixed 
Cr;0j-Al203  surface  films  form  witn  an  increased  pro¬ 
portion  of  AU03  at  higher  temperature.1171  An  activation 
energy  of  21 1  kJ/mol  for  oxidation  between  900  °C  and 
1000  °C  was  calculated.  This  value  is  so  much  higher 
than  those  observed  in  our  work  at  lower  temperatures 
on  .Tael.  .  owth  that  it  must  be  seriously  doubted  that 
oxidation  per  se  is  the  rate  limiting  step  in  crack  growth. 
However,  grain  boundary  diffusion  of  oxygen,  with  a 
lower  activation  energy,  may  still  explain  the  inter¬ 
granular  crack  growth  noted  in  air.  Previous  work  on  a 
similar  alloy,  IC-218,  Ni-85  wt  pet  Al-76  pet  Cr-0.83  pet 
Zr,  under  stress  controlled  high  cycle  fatigue  conditions 
revealed  a  decrease  in  the  number  of  cycles  to  failure 
with  decreasing  frequency  at  both  600  °C  and  800  °C.|i:| 
Strain  to  failure  and  reduction  in  area  also  increased  with 
decreasing  frequency,  suggesting  a  contribution  of  creep 
to  the  fatigue  tests.1'31  However,  it  is  clear  from  the  ox¬ 
idized  intergranular  fracture  surfaces  obtained  at  all  fre¬ 
quencies  and  in  both  environments  that  environmental 
attack  occurs,  even  in  the  vacuum  employed  for  these 
experiments.  Therefore,  the  frequency  effect  on  growth 
rate  probably  reflects  a  combination  ot  environmental 
(oxygen)  attack  and  creep  processes. 


V.  CONCLUSIONS 

1.  IC-221  was  not  notch  sensitive  at  room  temperature 
or  at  600  °C,  probably  due  to  the  presence  of  a  dis¬ 
ordered  second  phase. 

2.  Crack  growth  rates  in  IC-221  increased  with  testing 
in  air  relative  to  vacuum  and  with  testing  at  a  higher 
R  ratio. 

3.  The  rate  of  crack  propagation  in  IC-221  increases  with 
increasing  temperature,  paralleling  an  increase  in  yield 
stress  with  temperature.  This  behavior  is  attributed 
primarily  to  an  environmental  effect  at  the  crack  tip, 
as  previously  noted  by  others1141  for  crack  growth  under 
static  loading  in  Cr-free  NijAl  +  B. 

4.  Crack  growth  rate  ( da/dN )  increased  with  decreasing 
test  frequency,  both  in  air  and  in  vacuum,  at  800  °C, 
indicating  creep  contributions  to  the  environmental 
effects  on  crack  growth.  Secondary  cracking  is  en¬ 
hanced  at  lower  frequencies. 

5.  IC-221  displays  excellent  resistance  to  fatigue  crack 
propagation  and  compares  favorably  with  other  struc¬ 
tural  alloys  tested  under  similar  conditions  at  600  °C. 
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Isothermal  and  Cyclic  Oxidation 
of  TiAl  Composites 

Aht treat 

Titanium  Aluminide  and  TiAl  matrix  composites  reinforced  with 
alumina  fibers  (PRD166)  were  fabricated  by  powder  metallurgy. 

During  isothermal  oxidation  at  950  and  1070°C,  Composites  containing 
PRD166  fibers  exhibited  larger  weight  gains  than  monolithic  TiAl; 
the  composites  showed  evidence  of  oxidation  along  the  perimeter  of 
the  fibers.  A  fiber  reaction,  which  was  observed  after  oxidation  in 
air,  is  believed  to  result  from  internal  oxidation.  The  reaction 
was  suppressed  by  heat  treating  in  vacuum  and  increasing  the 
aluminum  content  of  the  matrix.  The  oxide  adherence  on  TiAl  was 
improved  by  the  addition  of  alumina  (PRD166)  fibers. 

1 . Introduction 

Titanium  Aluminides  are  being  considered  for  high  temperature 
structural  applications,  such  as  the  National  Aerospace  Plane  and  • 
rotors  in  automobile  superchargers.  However,  similar  to  other 
intermetallics,  TiAl  suffers  from  a  lack  of  room  temperature 
ductility,  inadequate  creep  resistance,  and  susceptibility  to 
hydrogen  embrittlement.  Fiber  reinforcement  is  being  studied  as  a 
means  to  improve  the  damage  tolerance,  creep  resistance,  and 
specific  strength  of  titanium  aluminides. 

The  maximum  operating  temperature  of  titanium  aluminides  will 
be  limited  by  oxidation  resistance  rather  than  by  creep  or  strength 
retention*.  Therefore,  an  understanding  of  the  oxidation 
mechanisms  of  these  materials  is  essential.  Oxidation  of  binary  Ti¬ 
Al  alloys  produces  mixed  oxides  of  AI2O3  and  TiO?.  During  oxidation 
at  1100  °C  in  air,  a  continuous  alumina  f ' lm  is  formed  only  on  Ti-Al 


Compositions  are  in  wt.% 


alloys  containing  more  than  42-45%*  aluminum2. 

While  several  studies  of  the  mechanical  properties  of  titanium 
aluminide  composites  have  been  conducted,  very  little  research  has 
been  published  on  the  oxidation  behavior  of  these  composites.  The 
purpose  of  this  study  was  to  examine  the  oxidation  behavior  of  TiAl 
composites  containing  alumina  reinforcements. 

2 . Experimental  Procedures 

The  material  used  in  this  study  was  fabricated  by  powder 
metallurgy  using  elemental  titanium  and  aluminum  powders.  Dupont's 
advanced  alumina  fiber,  PRD166,  was  chosen  as  the  reinforcement  for 
the  composites.  The  composition  and  size  of  the  powders  and  fibers 
are  shown  in  Table  1.  The  Dupont  PRD1S6  fiber  contains  15% 
stabilized  zirconia  to  improve  the  fiber's  creep  resistance  and 
ultimate  tensile  strength0.  The  composition  of  the  monolithic  TiAl 
and  the  matrix  of  the  composites  was  40%  (54  at.%)  aluminum,  which 
corresponds  to  single  phase  gamma  on  the  Ti-Al  phase  diagram. 

Table  1.  Powders  and  PRD166  Fibers 

Biantttr _ Luai  Composition  Source 


Aluminum 

8 

99*%  A1 

Valimet 

Titanium 

35 

99*%  Ti 

Micron  Metals 

PRD166 

20 

85%  A1:03.  15%  Zr02 

Dupont 

The  PRD166  fibers  were  chopped  to  lengths  of  3  mm  and  mixed 
with  ethanol  to  reduce  agglomeration.  The  chopped  fibers  were  then 
mixed  with  the  elemental  citanium  and  aluminum  powders,  cold 
isostatically  pressed  at  242  MPa  (35  ksi),  pre-reacted  at  800°C  for 
45  minutes,  and  then  consolidated  by  hot  isostatic  pressing  at 
1350®C  and  173  MPa  (25  k3i)  for  two  hours. 


Oxidation  samples  war*  polished  to  0.3  tun  alumina  and 
ultrasonically  cleaned  with  acetone  and  ethanol.  Isothermal 
oxidation  experiments  were  performed  using  alumina  boats  in  dry  air 
over  the  temperature  range  of  950  to  1070°C.  Cyclic  oxidation 
experiments,  to  evaluate  oxide  adherence,  consisted  of  ten  hour 
cycles  at  temperature  followed  by  cooling  in  static  air.  Weight 
change  measurements  were  used  to  determine  the  oxidation  resistance 
of  the  composites.  Oxide  morphology,  adherence,  and  composition 
were  evaluated  by  X-Ray  diffraction,  scanning  electron  microscopy 
(SEM),  energy  dispersive  analysis  by  X-Ray  (EDAX),  and  electron 
microprobe  analysis  (EMPA) . 

3. Results  end  Discussion 
3.1  T1A1-PRD16  6  Oxidation 

Oxidation  weight  change  measurements  of  the  PRD166  reinforced 
composites  are  shown  in  Figures  1  and  2.  The  specific  weight  gain 
of  the  composites  was  greater  than  that  of  monolithic  TiAl  and 
increased  proportionally  with  the  volume  fraction  of  reinforcement. 

Figures  3  and  4  show  SEM  micrographs  of  the  oxide  morphology 
and  cross  sections  of  the  oxide  after  oxidation  for  100  hours  at 
107 0°C .  Approximately  40%  of  the  monolithic  sample  was  covered  with 
a  convoluted  oxide  and  the  rest  of  the  surface  contained  a  highly 
faceted  oxide.  These  oxides  were  identified  by  X-Ray  diffraction 
and  EDAX  as  AI1O3  and  TiO;,  respectively.  Figure  3  shows  that  the 
matrix  of  the  composites  was  covered  by  a  buckled  AI2O3  film  and 
that  an  external  oxide  was  not  formed  on  the  surface  of  the  PRD166 
fibers . 

Based  on  SEM  observations  of  oxidized  samples,  a  schematic 
model  of  the  oxidation  of  TiAl  (40%  Al)  at  1070®C  is  presented  in 
Figure  5.  During  the  initial  stages  of  oxidation,  both  rutile  and 


alumina  nucleate  on  the  sample  surface.  Oxidation  exposures  for 
less  than  one  hour  indicate  that  a  buckled  alumina  layer  initially 
forms.  Golightly  et.  al . '  proposed  that  compressive  stresses, 
resulting  from  oxide  nucleation  and  growth  within  the  parent  A1203 
film,  are  responsible  for  the  buckled  oxide. 

Formation  of  the  alumina  film  depletes  the  substrate  of 
aluminum  and  produces  the  Ti2Al  zone  shown  in  Figure  4(a).  The 
lower  aluminum  content  of  the  TijAl  promotes  internal  oxidation, 
producing  AI2O3  precipitates  and  further  reducing  the  aluminum 
content.  As  the  activity  of  titanium  increases  (and  the  activity  of 
aluminum  decreases),  titanium  oxide  formation  becomes  more  favorable 
than  alumina  formation.  Continued  oxidation  produces  a 
heterogeneous  oxide  consisting  of  alternating  layers  of  rutile  and 
alumina,  shown  in  Figures  5(a)  and  6(d). 

Depending  on  the  aluminum  content,  the  alumina  film  shown  in 
Figure  5(b)  may  be  discontinuous;  Meier  et .  al.2  showed  that 
approximately  42-45%  aluminum  is  necessary  for  continuous  alumina 
film  formation  on  binary  TiAl  during  oxidation  in  air  at  1100°c. 
Ti-Al  alloys  without  sufficient  aluminum  content  to  produce  a 
continuous  AI3O3  film  form  a  thick  external  oxide  of  TiOj5'®. 

Figures  4(a)  and  5(d)  show  a  TiO;  oxide  which  formed  over  a 
discontinuous  alumina  scale.  The  rutile  layer  may  result  from  the 
outward  diffusion  of  titanium  through  gaps  in  the  AI2O3  film  or  may 
result  from  other  rapid  diffusion  paths.  Voids,  which  have  been 
reported  at  oxide-metal  interface*,  may  be  Kirkendall  porosity 
resulting  from  outward  titanium  diffusion  and  are  expected  to  reduce 
the  integrity  of  the  oxide-metal  bond. 

In  contrast  to  monolithic  TiAl,  the  PRD166  composites  did  not 
develop  a  stratified  oxide  or  a  thick  external  TiO;  layer.  In 


addition,  Figure  4(b)  shows  evidence  of  oxidation  along  tha 
perimeter  of  tha  fibers.  The  alumina  layer  along  the  the  fibers  was 
thickest  near  tha  surface  of  the  composite  and  diminished  towards 
tha  canter,  as  shown  in  Figure  6.  Oxygen  diffusion  along  the  fibers 
and  subsequent  oxidation  of  the  matrix  along  the  perimeter  of  the 
fibers  is  believed  to  be  responsible  for  the  increased  weight  gain 
of  the  composites;  Tortorelli  at.  al.7  reported  that  N^Al 
reinforced  with  PRD166  and  FP  fibers  exhibited  larger  weight  gains 
than  unreinforced  NijAl. 

3.2  PRD166  Reaction 

A  fiber-matrix  reaction,  shown  in  Figure  7,  occurred  at  some 
of  the  fibers,  predominantly  at  fiber  clusters,  during  oxidation  at 
950,  1020  and  1070°C  in  air.  Measurements  of  the  reaction  zone 
indicate  that  it  grows  at  a  parabolic  rate.  EMPA  revealed  that  the 
dark  precipitates  are  Al;03,-  in  addition,  the  matrix  adjacent  to  the 
reaction  zone  was  doped  with  about  2.5%  zirconium. 

Nourbakhsh  et .  al.3  found  that  TiAl (Mn) -PRD166  composites 
produced  by  pressure  casting  were  doped  with  zirconium  and  formed 
zirconia  at  the  fiber-matrix  interface.  This  effect  was  attributed 
to  creep  of  the  fiber  which  swept  zirconia  to  the  fiber  perimeter 
and  into  the  matrix.  However,  Nourbakhsh' s  study  did  not  include 
any  oxidation  experiments  or  report  anything  similar  to  the  reaction 
in  Figure  7 . 

The  matrix-PRD166  reaction  does  not  result  from  an  inherent 
fiber-matrix  incompatibility.  Diffusion  couple  experiments  have 
shown  that  AI3O3  is  3table  with  gamma  TiAl9.  Above  1000®C,  zirconia 
is  thermodynamically  more  stable  than  alumina-3.  A  sample 
containing  30%  PRD13S  was  heat  treated  for  100  hours  at  1070°C  in  an 
evacuated  quartz  tube,  and  Figure  7(b)  shows  that  the  reaction  did 


not  occur  after  this  heat  treatment.  Therefore,  the  reaction  is 
most  likely  related  to  oxygen  diffusion  and  reaction  with  the  matrix 
along  the  PRD166  fibers. 

Wagner11  derived  an  expression  for  the  critical  aluminum 
content,  N*a;,  necessary  to  prevent  internal  oxidation.  The 
critical  aluminum  content  is  dependent  on  the  volume  fraction  of 
internal  precipitates,  g,  and  the  ratio  of:4k*  diffusivity  of  oxygen 
and  aluminum  in  the  matrix,  Da/D^i-  Other  variables  in  equation  (1) 
include  the  oxygen  solubility  in  the  alloy,  N0,  and  the  molar 
volumes  of  the  oxide,  V^x,  and  of  the  alloy,  Vm.  Internal  oxidation 
occurs  when  the  oxygen  flux  into  the  alloy  is  greater  than  the 
counter  flux  of  aluminum.  At  a  critical  volume  fraction  of  internal 
precipitates,  g',  the  oxygen  flux  is  reduced  by  the  alumina 
precipitates  to  allow  the  formation  of  a  continuous  alumina  film. 

•  ViiF 

The  following  model  is  presented  to  explain  the  matrix-PRD166 
reaction  and  the  acoa^eraiMd  weighs  gain  of  the  composites.  As  a 
result  of  stress  assistedV^gfusion  at  the  high  fabrication 
temperature  (1350°C)  and  pressure  (173  MPa),  the  TiAl  matrix  is 
doped  with  zirconium  and  a  zirconia  sheath  forms  at  the  perimeter  of 
the  fibers.  For  example,  TEM  results  by  Nourbaksh12  have  shown  that 
ZrO?  is  present  at  the  fiber-matrix  interface  of  intermetallic 
composites  produced  by  pressure  casting.  Figure  3  shows  that  the 
fiber  ends  are  not  covered  by  an  oxide  film,  thus  allowing  a 
constant  supply  of  oxygen  to  the  reaction  zone  surrounding  the 
fibers.  The  diffusivity  of  oxygen  in  zirconia  at  1070®C  is 


approximately  eleven  orders  of  magnitude  faster  than  in  alumina13-14. 
A  previous  study  has  shown  that  zirconium  increases,  the  oxygen 
diffusivity  in  titanium15.  If  Zr  has  the  same  effect  in  TiAl, 
equation  (1)  indicates  that  a  greater  aluminum  content  will  be 
required  to  prevent  internal  oxidation  along  the  fibers. 

By  increasing  the  aluminum  content  of  the  matrix,  it  should  be 
possible  to  prevent  the  internal  oxidation  adjacent  to  the  fibers. 
Two  PRD166  composites  were  fabricated  with  44%  and  48%  aluminum  and 
oxidized  in  air  for  100  hours  at  1070°C.  The  reaction  was  observed 
in  the  sample  containing  44%  aluminum  but  not  in  the  TiAl-PRD166 
composite  containing  48%  aluminum. 

3.1  Cyclic  Oxidation 

The  results  of  cyclic  oxidation  experiments  performed  at 
1070°4^Are  preXenltfd  in  Figure  8.  The- oxide Adherence  1ft  monolithic 
TiAl  is  poor,  as  indicated  by  the  spalling  and  subsequent  rapid 
weight  gain.  In  contrast ^vone,of  the  composites  exhibited  any 
spalling . 

Oxide  adherence  on  Ti-Al  alloys  appears  to  be  associated  with 
the  ability  to  form  a  contiguous  alumina  film  and  the  absence  of  a 
thick  external  TiO;  scale.  The  monolithic  TiAl  formed  a  rutile 
layer  which  spalled  and  cracked  during"thermal  cycling.  However, 
the  oxide  on  the  composites,  which  was  similar  to  that  produced 
during  isothermal  oxidation,  was  adherent  up  to  120  hours. 

Examination  of  spalled  films  indicates  that  oxide  failure 
typically  occurs  at  the  oxide-metal  interface.  A  possible 
explanation  is  that  this  interface  has  been  weakened  by  Kirkendall 
voids,  resulting  from  the  outward  diffusion  of  titanium.  In  any 
case,  precluding  the  formation  of  TiO;  appears  to  improve  oxide 
adherence.  Perkins-’  showed  that  a  continuous  alumina  layer, 


promoted  by  chromium  and  vanadium  additions,  prevented  the  formation 
of  an  external  TiO;  scale  and  improved  the  oxide  adherence  of  the 
alloy.  The  cyclic  oxidation  resistance  of  TiAl  was  *  rnificantly 
improved  bjf  promoting  alumina  formation  with  a  low  oxygen  pressure 
pre- treatment 17 . 

According  to  paper's  internal  oxidation  theory,  the  formation 
of  a  continuous  f i^n  will,  occur  at  a  critical  volume  fraction  of 
internal  precipd£arte#,. If  the  aliifeTiffa  reinforcements  act  as 
internal  jjft'a „ Ipitatl^U-  tnen  it  may  be  possible  to  form  a  continuous 
AI2O3  film  at  a  lower  aluminum  content  than  without  the 
reinforcements.  Thus,  alumina  fibers  may  inhibit  outward  titanium 
diffusion  by  promoting  a  continuous  scale  of  AI2O3  and,  thereby, 
improve  the  cyclic  oxidation  resistance  of  TiAl  composites. 

4 .  Summary 

TiAl  reinforced  with  PRD166  fibers  exhibited  increased  weight 
gain  during  oxidation  in  air,  as  compared  to  monolithic  TiAl. 

Oxygen  diffusion  along  the  alumina  reinforcement  formed  an  AI2O3 
layer  along  the  perimeter  of  the  fibers.  It  is  postulated  that 
zirconium  from  the  PRD166  fibers  increases  the  oxygen  diffusivity  in 
the  matrix  and  promotes  internal  oxidation  adjacent  to  the  fibers; 
this  reaction  may  be  suppressed  by  heat  treating  in  vacuum  or 
increasing  the  aluminum  content  of  the  matrix. 

The  addition  of  PRD166  fibers  significantly  improves  the  oxide 
adherence  during  cyclic  oxidation.  One  possible  explanation  is  that 
the  fibers  promote  the  formation  of  a  continuous  AI2O3  film. 

Further  experiments  are  planned  to  determine  if  zirconium  is 
necessary  for  the  improved  adherence. 

Research  supported  by  DARPA-ONR  Contract  No.  N00014-86-K0770 . 
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(a)  (b) 


Figure  3  SFM  micrographs  (a  is  a  bacfcscattered  electron  image  and 
b  is  a  secondary  electron  image)  of  external  oxide 
morphology  after  100  hours  at  1070°C.  (a-  TiAl,  b-  TiAl- 


15%  P-OloS) 


figure  6  Back  scattered  electron  micrograph  of  alumina  layer  on 
the  perir.e\er  of  the  PRD166  fibers  after  oxidation  for 
ICO  hours  at  1070°C.  (a-  location  near  the  surface  of 

the  composite,  b-  location  at  the  center  of  the 


composite) . 
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ABSTRACT 

Niobium  alumlnlde  based  composites  fabricated  by  powder  metallurgy 
techniques  were  tested  for  oxidation  resistance  between  1000  and  1400°C. 
The  oxidation  rate  of  these  ataterlala  was  improved  over  conventionally 
cast  or  pack  alumlnited  NbAl3.  The  inclusion  of  oxide  dispersoids  de¬ 
creased  the  rate  constant  by  an  order  of  magnitude  at  1000eC  compared  to 
monolithic  NbAl3  and  to  a  value  of  the  same  order  of  swgnitude  as  N1A1  at 
1170*0.  The  most  heavily  reinforced  material  studied  had  a  rate  constant 
an  order  of  magnitude  greater  than  N1A1  at  1400SC.  The  oxide  scale  was 
generally  adherent  and  compact  but  contained  oxide  nodulea. 


INTRODUCTION 

Intermetallic  compounds  are  being  considered  as  structural  components 
for  che  next  generation  of  aircraft.  In  these  applications  It  will  be 
necessary  for  the  cosqtonents  to  exhibit  superior  physical,  mechanical  and 
chemical  properties.  Including  resistance  to  oxidation  at  elevated  tempera¬ 
tures. 

It  has  been  shown  chat,  of  the  niobium  aluminides,  the  intermetallic 
compound  NbAl3  has  the  best  oxidation  resistance  [1].  However,  even  with 
75  atomic  percent  aluminum,  NbAl3  does  not  form  a  compact,  t -<•  .  nt,  and 
thus  protective,  scale.  A  number  of  efforts  have  been  made  i-^rove  the 
oxidation  resistance  of  NbAl3  by  alloying.  For  example,  Perkins  et  al. 
added  elements  which  were  intended  to  decrease  oxygen  solubility  and 
dlffualvlty,  and  to  Increase  the  aluminum  dlffuslvlty,  in  an  effort  to 
affect  the  transition  from  internal  to  external  oxidation  [2].  Hebsur  et 
al.  [3]  showed  that  chromium  additions  reduced  the  parabolic  race  constant 
by  a  factor  of  2.5  and  that  chromium  and  yttrium  together  reduced  the  rate 
constant  by  e  factor  of  5. 

Oxide  dispersions  have  also  been  shown  to  decrease  the  oxidation  races 
of  nickel  and  cobalt  based  alumina  and  chromia  forming  alloys.  Reactive 
eleiMnte,  for  example,  Hf,  Sc,  T,  Zr,  which  were  preoxidised  at  a  low  partial 
pressure  of  oxygen  to  form  internal  oxides  prior  to  thermal  exposure  were 
shown -to  decrease  the  rate  constants  [A],  In  particular,  0.051  Hf  decreased 
the  weight  gain  by  a  factor  of  8  in  a  Co-lOCr-llAl  alloy  after  exposure  for 
100  hours  at  1100*C.  In  another  study  a  11  addition  of  preoxidised  Hf  in  the 
same  alloy  showed  a  decrease  in  weight  gain  by  a  factor  of  4  [5].  Oxide 
dispersions  Included  by  mechanically  alloying  Nl-20Cr  with  3  volume  percent 
either  T303  or  CeOj  showed  a  decrease  in  specific  weight  gain  when 
compared  to  similar  alloys  without  the  oxide  dispersions  [6). 

In  this  study  the  effects  of  randomly  oriented  fibers  and  oxide  dis¬ 
persions  were  investigated  in  RbAl3/Al203  composites  manufactured  by  powder 
proceselng  techniques. 


EXPERIMENTAL 

Two  powder  metallurgy  processing  methods  were  used  to  fsbrlcete  the 
macerlalsi  conventional  hot  pressing,  (HP),  and  reactive  hot  lsostatlc 
preesing,  (RHIP).  The  hot  pressed  samples  were  formed  by  vacuum  hot 
pressing  prealloyed  NbAl3  powders  at  21  MPa  and  1500*C  in  a  50  am  diameter 

Mat  Ns*.  See.  Syrup.  Proc.  Vst.  1M.  *1*S0  Materials  Nsssswh  tedety 
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graphic*  die  for  2  hour*.  The  reaultant  compact  contained  predominately 
NbAlj,  a  small  fraction  of  Nb2Al  (<1Z),  and  5Z  AI2O3  (determined  by  quan¬ 
titative  metallography)  due  to  powder  contamination.  Samples  of  this  com¬ 
position  will  be  referred  to  aa  alloy  A. 

Reactive  hot  ieoacatic  pressing  was  performed  by  mixing  elemental 
powders  of  aluminum  and  niobium  in  the  stoichiometric  MbAly  ratio.  The 
powder  was  divided  into  two  batches;  one  batch  was  used  to  produce  a  mono¬ 
lithic  compound  and  a  second  batch  was  used  to  produce  the  reinforced 
material.  Fifteen  volume  percent  Saffil™  fibers  (96-97Z  A1203,  bal.  SIO2) 
of  diameter  3pm  was  added  to  one  batch  of  powder  by  means  of  an  ethanol 
slurry  (fibers  +  ethanol)  in  order  to  disperse  the  fibers.  Ethanol  was 
added  to  the  other  batch  as  a  control.  The  powder  slurries  were  mixed  for 
1  hour  in  a  turbula  type  mixer.  The  ethanol  was  then  evaporated  at  100°C 
for  10  hours  under  vacuum.  The  loose  powders  were  degassed  at  s00°C  for 
ten  hours  and  then  cold  iaoatatically  pressed  at  270  MPa  in  a  13  mm  dia¬ 
meter  polyurethane  die.  The  green  compacts  were  placed  in  niobium  foil 
lined  welded  304  stainless  steel  cans,  and  vacuum  encapsulated.  The  sealed 
containers  were  placed  in  a  HIP,  which  was  heated  and  pressurized  to  1200°C 
and  173  MPa  and  held  for  2  hours  [7].  The  RHXP  sample  intended  as  a  mono¬ 
lithic  material  contained  3-4Z  AI2O3  from  oxygen  contamination  of  the  pow¬ 
der,  and  a  small  fraction  of  elemental  niobium,  and  will  be  referred  to  as 
alloy  B.  The  matrix  of  the  fiber  reinforced  RHIP  material  also  had  3-4Z 
AI2O3  present.  The  reinforced  alloy  is  designated  aa  alloy  C. 

Oxidation  samples  were  electro-discharge  machined  from  the  compacts. 
Samples  of  alloy  A  consisted  of  rectangular  slabs,  l.B  w  thick  with  a 
surface  area  of  1.3  cm2;  samples  of  alloys  B  and  C  consisted  of  disks, 

0.7-1  am  thick  with  a  surface  area  of  0.7  cm2.  The  RHIP  samples  were 
etched  in  concentrated  HC1  +  10Z  H2O2  to  eliminate  contamination  from  the 
HIP  can.  All  of  the  samples  were  metallographlcally  polished  to  0.3wm 
AI2O3.  The  samples  were  BMasured,  ultrasonlcally  cleaned  in  an  alcohol- 
50Z  acetone  solution,  and  weighed  on  an  analytical  balance  prior  to  ex¬ 
posure.  The  specimens  were  then  placed  in  metallurgical  grade  alumina 
combustion  boats  and  loaded  into  preheated  tube  furnaces  in  flowing,  dry 
bottled  air  (19-22Z  O2)  at  30  CCM.  Single  samples  were  removed  after  6.23, 

23,  and  100  hours  and  weighed.  The  sample  and  any  spall  which  resulted  from 
the  thermal  cycling  were  Included  in  the  gravimetry.  The  samples  were  mounted 
in  epoxy  and  polished  to  lum  diamond.  All  the  samples  were  evaluated  optically 
and  select  samples  were  examined  with  a  JE0L  733  microprobe  or  a  JEOL  840  SEN 
in  the  backacattered  electron  mode. 

The  weight  gain  data  was  fitted  to  a  parabolic  equation  of  the  form: 

(AW/ A)2  -  Kp(tlme)  +  C  (1) 

Where  Kp  is  the  parabolic  rate  constant,  C  is  an  integration  constant,  AW 
is  the  weight  change  and  A  is  the  surface  area. 


RESULTS  AMD  DISCUSS I0M 

The  data  from  the  Isothermal  oxidation  tests  for  alloy  A  are  shown  in 
Figure  1.  The  rate  constant  was  calculated  using  equation  (1). 

A  micrograph  of  the  sample  exposed  for  6.23  hours  at  1170°C  is  shown 
in  Figure  2.  A  generally  compact  oxide  scale  was  formed,  although  a  number 
of  subsurface  cracks  were  present.  These  cracks  appear  along  the  scale/ 
substrate  Interface  and  were  present  parallel  to  the  interface  but  further 
into  the  substrate.  In  soma  areas  oxide  nodules  were  formed,  as  shown  in 
Figure  3.  A  possible  explanation  for  these  sites  of  severe  oxidation  is 

^Saffll  la  a  registered  trademark  of  Imperial  Chemical  Industries 
PLC,  for  alumina  fibers. 
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Fig.  1.  Iaothenaal  oxidation  data  for 
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Fig.  S.  Iaotharual  oxidation  data  for 
alloy  B. 


Fig.  2.  Backacattarred  electron  image 
(BED  ahowing  oxide  acale  on  alloy  A 
after  expoaure  for  6  hra.  at  1170°C. 
Crack  ia  parallel  to  aurface  at  arrow 


Fig.  3.  BEI  ahowing  an  oxide  nodule 
formed  on  alloy  A  after  expoaure  for 
25  hra.  at  1170°C.  Oxidation  occurred 
along  prior  particle  boundariea.  Cracka 
were  alao  preaent  parallel  to  the  aur¬ 
face,  indicated  by  the  arrow. 


Fig.  4.  BEI  ahowing  a  layered  oxide 
atructure  formed  on  alloy  A  after 
expoaure  for  25  hra.  at  1400°C.  Dark 
band  in  oxide  at  (a)  la  AI2O3,  lighter 
oxide  at  (b)  la  KbA104,  and  aubaurface 
white  band  (e)  ia  Nb2Al. 
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preferential  oxidac low  of  the  prior  particle  boundaries  leading  to  debond* 
ing  of  the  particle. 

A  cross'section  of  the  oxide  after  25  hours  of  exposure  at  1400°C  is 
shown  in  Figure  4.  Oxidation  is  ouch  more  severe  chan  at  the  lower  temper* 
atures  and  the  oxide  scale  is  thicker.  The  oxide  is  layered  and  consists 
of  NbAU>4  and  AI2O3,  immediately  belc-.  Che  oxide  is  Nb2Al. 

The  oxidation  data  for  alloy  B  «:i  shown  in  Figure  5.  A  macrograph 
in  Figure  6  shows  the  cross*seccion  of  the  sample  exposed  for  100  hours 
at  1400*C.  Almost  all  of  this  sample  was  consumed  in  this  exposure,  and 
only  a  small  unaffected  core  remained. 

The  oxide  formed  at  1000  and  1170*C  was  generally  compact  and  adherent, 
but  with  areas  of  preferential  oxidation.  These  areas  consist  of  alternat¬ 
ing  layers  of  NbA104  and  AI2O3,  a  structure  similar  to  the  layered 
oxide  shown  in  Figure  4.  Cracking  was  also  present  in  this  alloy.  These 
cracks  tended  to  be  parallel  to  and  within  the  oxide/substrate  interface, 
but  not  as  deep  within  the  substrate  as  chose  of  alloy  A. 

The  specific  weight  gain  dnea  for  alloy  C  are  shown  in  Figure  7.  In 
contrast  to  alloys  A  and  B  exposed  at  1400aC,  the  surface  of  alloy  C  appeared 
white  and  feathery.  A  cross-section  of  the  sample  exposed  for  25  hours  at 
1170°C  is  shown  in  Figure  8.  In  addition  to  the  dense  and  compact  oxide 
shown  hares  other  samples  contained  regions  of  enhanced  oxidation  similar 
to  those  found  in  alloy  B.  Figure  9  shows  a  typical  region  of  preferential 
oxidation  of  a  sample  exposed  at  1170*C  for  6.25  hours.  This  sample  shows  a 
large  oxide  nodule  with  a  morphology  unlike  that  observed  on  alloys  A  and  B, 
shown  in  Figure  4. 


Fig.  6.  Macrophocograph  of  alloy  B 
after  1400SC  expoaure  for  100  hrs. 

The  white  is  oxide  and  the  shiny  core, 
at  arrow,  is  all  Chat  remains  of  the 
substrate. 
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Fig.  7.  Isothermal  oxidation  data  for 
alloy  C,  Che  composite  containing 
15  volume  percent  Saffil™  and  3-4Z 
AI2O3  from  processing. 

Fig.  8.  BEI  showing  the  oxide  scale  on 
alloy  C  after  exposure  for  25  hrs.  at 
1170*C.  Oxide  is  shown  by  (a), 
fibers  by  (b)  and  Nb2Al  by  (c). 
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Pig.  9.  BEI  ■hoving  an  oxide  nodule 
that  formed  on  alloy  C  aftar  axpoaura 
for  6  hra.  at  1170°C.  (a)  lndleataa 
the  surface  oxlda,  (b)  tha  nodula  and 
(c)  tha  fibara. 


Fig.  10.  Arrhaniua  type  plot  of  rata 
conatanta  for  tha  aatariala  invaatl* 
gatad  In  thla  atudy. 


An  Arrhaniua  plot  for  Cha  rata  conatanta  la  shown  In  Flgura  10.  The 
apparant  changa  In  slopa,  and  tha  changa  In  oxlda  aorphology,  suggast  that 
tha  oxidation  iMchanlaa  changaa  as  a  function  of  teaperaturc. 

Monolithic  NbAl3  produced  by  pack  aluminizing  [2]  by  casting  [3]  and 
by  reactive  sintering  [8]  fora  an  oxide  consisting  of  alternate  layers  of 
AI2O3  and  NbAlO^.  Tha  alloys  in  the  present  atudy  showed  iaproved  oxide 
adherence  and  less  propensity  to  fora  cha  alternating  layered  structure, 
although  the  oxide  product  was  nonunlfora.  This  general  iaproveaent  aay 
be  due  to  the  oxide  dispersions  or  fibers  contained  in  the  saaples.  A 
possible  explanation  for  the  iaproveaent  due  to  caaposlting  is  suggested 
froa  studies  oa  nickel  based  alloys  containing  oxides  and  reactive  elesants. 

The  reasons  for  the  iaproved  oxide  adherence  due  to  both  oxide  disper¬ 
sions  and  reactive  eleaent  additions  in  nickel  based  alloy  sysceas  which 
fora  aluaina  and  chroala  have  been  extensively  reviewed.  For  exaaple, 
Kofstad,  coaplled  the  following  list  of  possible  aechanlsasi  (a)  iaproved 
aecbanlcal  properties  of  the  scale/substrate  interfaces  (b)  establishment 
of  a  graded  seal  between  the  aaln  scale  and  the  substrate  by  format  Ion  of 
a  complete  layer  of  a  compound  of  the  oxygen  active  eleaent  with  favorable 
theraal  expansion  characteristics;  (c)  dispersed  oxide  particles  serve  as 
vacancy  sinks  and  therby  reduce  or  elialnate  void  foraat ion  and  loss  of 
oxide  adherence;  (d)  oxide  keying  or  pegging  obtained  by  increased  internal 
and  intergranular  oxidation  due  to  the  presence  of  the  oxygen  active  ele- 
aents;  (e)  an  iaproved  chealcal  bond  at  the  elloy/scale  interface  by  the 
presence  of  the  oxygen  active  eleaent  [9). 

None  of  the  alloys  tested  in  this  study  contained  active  eleaents, 
thus  effectively  eliminating  (b),  (d),  and  (e).  The  possibility  of  im¬ 
proved  aechanlcsl  properties  at  the  scala/substrate  interface  is  doubtful 
based  on  the  severity  of  tha  cracking  found  in  several  of  the  specimens. 

Froa  those  suggestions,  then,  the  concept  of  dlspersolds  acting  as  vacancy 
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•ink*  remain*  a  possibility.  Another  possibility  i*  that  the  oxide 
particle*  which  intersect  the  surface  act  as  nucleation  sites  for  the 
external  oxide  {5J,  which  leads  to  the  formation  of  the  steady  state 
oxide  configuration  more  rapidly.  However,  a  specific  mechanism  for 
the  decrease  in  oxidation  rate  cannot  be  Identified. 

SUMMARY 

The  oxide  dispersoids  contained  in  the  samples  due  to  processing 
lead  to  an  improved  oxidation  resistance  in  powder  metallurgy  produced 
NbAlj.  This  improvement  was  even  greater  for  samples  that  contained 
randomly  dispersed  fibers.  The  fibrous  composite  exhibited  a  parabolic 
rate  constant  similar  to  NbAl3  alloyed  with  Cr  and  Y.  The  reasons  for 
the  improvement  in  oxidation  resistance  are  not  fully  understood. 
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ABSTRACT 

NiAl  and  NiAl/TiBj  composites  were  tested  in  air  at  800,  1000,  and  - 

1200°C.  The  oxidation  resistance  of  the  composites  depends  on  the  fabri-  _ 

cation  route,  and  subsequently  on  the  reinforcement  phase  morphology  and  _ 
distribution.  The  ooddation  resistance  of  NiAl  reinforced  with  large  TiBj  _ 
particles  was  found  to  decrease  with  increasing  TiBj  content.  NiAl 
reinforced  with  large  TiBj  particles  was  ocnplately  oxidized  at  1200°C  after  .... . 
a  100  hour  exposure.  — 


onRGOOdlGN 

Intermetallic  matrix  ccnposites  have  wwergwd  as  potential  next  gener¬ 
ation  high  temperature  structural  composites,  as  evidenced  by  this 
conference  and  the  MRS  conference  of  1990  [1] .  Features  such  as  high 
melting  temperatures,  low  densities,  and  excellent  ooddation  resistance  make 
intermetallic  compounds  attractive  far  high  temperature  applications, 
especially  far  the  aerospace  industry.  However,  these  materials  have  poor 
creep  resistance  and  poor  roam  temperature  toughness,  compositing  may 
improve  these  material  properties  and  consequently  make  intenaetallics 
useful  structural  materials. 

The  intermetallic  oenpamd  NiAl,  reinforced  with  TiBg  particles, 
displays  a  number  of  properties  that  make  it  attractive  far  use  at  elevated 
temperatures.  Far  example,  NiAl  has  a  high  melting  temperature,  1640°C,  a 
low  density,  5.86  g/an  ,  and  excellent  ooddation  resistance  [2] .  In 
addition,  the  inclusion  of  TiB-,  particles  has  been  shown  to  improve  the 
mechanical  behavior  of  NiAl.  Far  instance,  the  creep  resistance  of 
NiAl/ 10  vol%  TiB^  is  markedly  improved  compared  to  monolithic  NiAl  [3], 
large  increases  in  the  roam  temperature  strength  of  NiAl/TiBj  ccnposites 
have  been  reported  [4].  Finally,  it  has  been  experimentally  determined 
that  NiAl  and  TiB,  are  thermodynamically  compatible  at  elevated  temperatures 
[5]. 

Most  research  efforts  have  centered  on  determining  ti^lmacxoe>Bchanical 
properties  of  NiAl/TiBj  ccnposites  [6], [7].  Little  work  has  been 
reported  on  the  chemical  stability  of  NiAl/TiBj  alleys  when  exposed  to  an 
oxidizing  environment,  such  as  air  at  elevated  temperatures,  although  the 
oxidation  behavior  of  binary  nickel-aluminum  allays,  as  a  function  of 
aluminum  content,  has  been  extensively  studied  and  is  reasonably  well 
understood  [8], [9].  For  example,  it  is  well  known  that  a  minimum  of 
17  wt%  Al  is  required  to  exclusively  farm  a  continuous  alumina  scale  on 
binary  nickel-aluminum  alloy  (10]. 

NiAl  oxidized  at  900°C  has  a  minimum  oxidation  rate  constant  at  42at% 
Al  [11] .  This  minimum  is  attributed  to  the  manner  in  which  the  activity 
of  the  dissolved  Al  varies  with  oemposition.  More  recent  work  [2]  did  not 
show  the  same  compositional  dependence  of  the  rate  constants,  but  this  work 
was  conducted  at  higher  temperatures  at  which  an  alpha  AljOj  farms  rather 
than  the  theta  AljOj  oxide  that  farms  below  1000°. 

Further,  the  oxide  farmed  on  near  stoichiometric  NiAl  has  been 
observed  to  spall  readily  an  cooling  [12], [13].  Spalling  can  be 
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Himinishgri  or  prevented  by  appropriate  alloying,  [2]  typically  with  reactive  _ 
elements. 

In  the  current  work,  the  oxidation  resistance  of  binary  monolithic  _ 
NiAl  and  NiAl/TiBj  ocnposites  containing  10  and  20  vol%  TiBj  produced  via  _ 
powder  metallurgy  has  been  determined  between  800  and  1200°C.  _ 


MMBOALS  EAEKtCWTCN 

Far  this  study,  NiAl/TiBj  samples  were  produced  by  t wo  powder 
metallurgical  approaches;  Reactive  synthesis  (RS)  of  Ni,  A1  and  TiBj  powders  _ 
and  conventional  hot  isostatic  pressing  (HIP)  of  XD™  synthesized  NiAl/TiBj 
powder  blends.  — 

Reactive  synthesis  of  NiAl/TiB-, 

Reactive  synthesis  involves  producing  allays  ar  acnpaunds  from 

elemental  oonstituents.  Upon  heating  the  mixture  of  elemental  powders  to - 

the  lowest  liquidus  temperature  in  the  desired  system  (640°C  in  the  Ni-Al  _ 
system) ,  a  transient  liquid  farms.  The  liquid  phase  enhances  both  diffusion. . 
and  densificatian  via  capillary  farces.  The  high  thermodynamic  stability 
(i.e.  large  heat  of  formation)  provides  the  driving  farce  far  the  reaction. 
The  high  thermal  stability  of  the  farming  ocmpound  manifests  itself  by  the 
exothermic  nature  of  the  reaction.  As  a  consequence,  the  reaction  becomes 
self-sustaining.  This  type  of  process  has  been  termed  self -propagating  high 
tenperature  synthesis  (SHS) ,  and  has  been  used  to  synthesize  NiAl, 

NiAl/TiBj,  as  well  as  other  allays  and  ocnpounds  [4].  It  was  found  that  the  - 
reaction  between  Ni  and  A1  to  form  NiAl  was  so  exothermic  that  the  addition 
of  a  dilutant  phase  (vqp  to  15  wt%  either  preallayed  NiAl  ar  a  high  melting 
temperature  second  phase)  was  necessary  to  prevent  melting  of  the  container 
and  sample  during  the  synthesis  and  pressureless  densificatian  stages. 

The  procedure  far  the  fabrication  of  reactive  synthesized  material  is 
as  follows:  Elemental  Ni  and  A1  powders  were  mixed  to  a  composition 
cxjrrespcnding  to  51  at%  Ni  (70  wt%  Ni) .  To  decrease  the  peak  tenperature 
and  control  the  reaction  10  w%  preallcyed  NiAl  was  added  to  the  elemental 
powder  mixture.  Either  0,  10,  or  20  vol%  TiBj  was  then  blended  with  the  Ni, 
Al,  and  NiAl  mixture.  Mixing  was  performed  in  a  turbula  type  mixer  far  60 
minutes.  Table  I  lists  the  characteristics  of  the  powders  used  in  this 
study.  Cylindrical  ocnpacts  (31.7  mm  diameter  by  75  mn  long)  were  produced 
by  oold  isostatic  pressing  the  powder  to  approximately  70%  theoretical 
density.  The  ocnpacts  were  encapsulated  in  304  stainless  steel  HIP  cans. 

While  attached  to  a  vacuum  system  tha  cans  were  heated  to  700°C  to  allow  the 
Ni  and  Al  to  react  and  densify.  The  samples  were  then  sealed  and  HIFed  at 
1250°C,  172  MPa  far  either  1  ar  2  hours,  depending  on  the  sample  chemistry, 
to  remove  residual  porosity.  Figures  la-lc  shews  the  starting 
ndcrostructures  of  the  RS  KIP  materials. 


Table  I. 

Characteristics  of  the  starting  materials. 

Powder 

Size 

Sobs. 

Prtcess 

Al 

3  pm 

spherical 

gas  atomized 

Ni 

3-7  im. 

spikey  surface 

carbonyl 

NiAl 

-325  mesh 

angular 

— 

TiBj 

3  m 

— 

— 

HIP  of  XD™  Synthesized  Powder 

XD™  is  a  proprietary  process  developed  by  Martin  Marietta  Corporation,  ^ 
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Baltimore,  MD,  in  which  fine  (1-3  m)  TiB2  particles  are  dispersed  in  a 
variety  of  matrices.  Details  of  the  process  have  been  described  in  various 
patents  [14],  [15].  Composite  NiAl/10  vol%  TiBj  powder  obtained  from 
Martin  Marietta  was  pressed  directly  into  304  stainless  steel  HIP  cans  (12.5 
inn  diameter)  and  vacuum  degassed  at  300°C  far  several  hours  and  then 
vacuum  encapsulated.  The  HIP  conditions  were  1250°C,  172  MPa  for  2  hours. 
Figure  Id  shews  the  microstructure  of  the  XD  sample.  Note  the  fine  TiBj 
dispersoids  compared  to  the  coarser  TiBj  dispersoids  found  in  the 
RS-10  vol%  TiB,  sanple  shown  in  Figure  lb. 
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Figure  1  showing  the  initial  etched  microstructures  of  the  sanples  used  in 
this  study,  (a)  RS-monolithic  NiAl  (b)  RS-lOTi^  (c)  RS-2 OTi^  (d)  XD-10 
TiB2.  Etchant:  Railings  Reagent. 

GOQDATIGM  SAMPLE  PREPARATION 


Oxidation  sanples  were  prepared  by  cutting  disks  of  approximately  l 
c an2  of  the  HIPed  material  with  a  diamond  saw.  The  sanples  were 
metallographically  polished  to  0.3  alumina  on  all  sides.  After 
polishing,  the  sanples  were  ultrasonics  1  ly  cleaned  in  alcohol/50%  acetone, 
measured,  and  weighed.  The  sanples  were  placed  in  alumina  combustion  boats 
and  inserted  into  a  preheated  furnace.  Dry,  compressed  air  was  passed 
through  the  furnace  tube  at  50  cc/ min.  Thermal  exposure  was  conducted  by 
placing  a  single  sample  in  the  furnace  and  removing  it  after  6.25,  25  or  100 


hours.  The  sample  was  oooled  to  roan  temperature,  weighed,  and  then 
returned  to  the  furnace  until  the  next  interval.  Ihe  tests  were  nmAH-cri 
-  at  800,  1000,  and  1200°C.  Any  loose  or  lightly  adherent  oxide  was  removed 
before  the  sample  was  weighed. 

Ihe  samples  were  examined  with  optical  microscopy,  scanning  electron 
microscopy  (SIM)  ,  energy  dispersive  spectroscopy  (EDS) ,  and  x-ray 
diffraction  (XRD) .  Standardless  semiguantitative  (SSQ)  analysis  was  used  in 
conjunction  with  the  EES. 

BESOMS  AH)  Discnssicn 


The  results  of  the  isothermal  exposure  at  800°C  are  shown  in  Figure  2.  _ 

These  results  show  that  the  monolithic  NiAl  (RS-0)  initially  oxidized  _ 

-  slightly  and  that  the  weight  gain  remained  nearly  constant  after  the  first  _ 
few  hours.  The  oxide  on  the  sample  was  so  thin  that  it  only  showed  a  slight  _ 
red-gold  heat  tint  after  the  100  hour  exposure. 

Figure  2  also  shows  that  the  inclusion  of  10  vol%  TiB,  in  to  the  NiAl,  - 

~  either  through  the  RS  process,  or  the  XD  process,  resulted  in  nniy  a  small _ 

reduction  of  the  oxidation  resistance  compared  to  the  monolithic  alloy.  _ 
However,  increasing  the  TiB;  content  to  20  vol%  resulted  in  an  increase  of  _ 
the  weight  gain  of  approximately  250%.  - 

Ihe  ocnposites  had  a  grayish  surface  when  examined  at  10X 
magnification,  however,  at  100X  magnifications  the  surface  shewed  islands 
of  grey  oxide  with  a  heat  tinted  oxide  on  the  balance  of  the  surface. 


Figure  2  Isothermal  oxidation  data  Figure  3  Isothermal  oxidation  data  far 
far  NiAl  and  ocnposites  at  800°C.  NiAl  and  ocnposites  at  1000°C. 


X-ray  diffraction  of  the  ccnposite  samples 1  surfaces  showed  predominately 
NiAl  and  TiB;,  but  also  included  peaks  for  A12Oj  and  TiOj.  The  X-ray 
diffraction  pattern  from  the  monolithic  samples  showed  only  NiAl,  with  the 
oxide  peaks  at  about  the  same  intensity  as  the  background. 

The  results  of  the  isothermal  exposure  at  1000°C  are  shown  in  Figure 
3.  The  XD-10  sample  shows  improved  oxidation  resistance  compared  to  the  RS 
processed  materials.  This  is  possibly  due  differences  in  alloy  composition 
or  morphology  of  the  reinforcing  phase.  EDS  of  the  oxides  on  the  10  TiB; 
samples  shewed  that  there  is  a  small  amount  of  Ti  in  the  oxide  an  the  XD 
material  but  not  in  the  RS  material.  The  RS-0  sample  has  better  oxidation 
resistance  than  any  of  the  RS  processed  ocnposites,  and  the  weight  gains 
increase  with  increasing  volume  fraction  of  TiB;. 
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Figure  4  Oxides  formed  on  NiAl/lOTiBj  (a)  XD  processed  (b)  RS  processed  SIM . 
backscatter  electron  images  (BEI) . 

Figures  4a  and  4b  shew  the  oxide  scale  farmed  an  the  10  vol%  TiBj 
aanposites  after  a  100  hour  exposure  at  1000°C.  Figure  4a  shows  the  oxide 
on  the  XD  processed  sample.  The  oxide  is  generally  planar  and  ccnpact, 
cenpared  to  the  oxide  formed  an  the  RS  sample  which  tends  to  be  thicker  with 
some  oxide  intrusions  along  the  TiBj  particles.  This  difference  in  reaction 
product  morphology  can  most  likely  be  attributed  to  the  difference  in 
reinforcement  morphology  shewn  in  Figures  lb  and  Id.  Figure  5  shows  the 
isothermal  exposure  data  for  the  NiAl/TiB,  oenposites  exposed  at  1200°C. 

These  data  show  that  the  monolithic  RS  sanple  is  more  oxidation  resistant 
than  any  of  the  oenposites,  although  it  spalled  after  the  25  hour  exposure 
and  the  test  was  terminated.  The  XD-10  sanple  is  more  oxidation  resistant 
than  the  RS-10;  in  fact,  the  RS-10  sanple  was  nearly  consumed  during  the 
testing  and  only  small  islands  of  unoxidized  matrix  remained,  whereas  the  XD 
sanple  retained  most  of  its  original  characteristics.  The  RS  sanple  did  not 


Time  (hours) 

■  RS-0 
■XD-10 


RS-10 
■  RS-20 


Figure  5  Isothermal  oxidation  data 
for  NiAl  and  oenposites  at  1200°C. 


Figure  6  Photomicrograph  of  a  cross 
section  of  NiAl/ 20  TiBj  exposed  at 
1200°C  for  25  hours;  note  the  four 
distinct  zones.  Railing's  reagent 
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spall  despite  the  extent  of  the  oxidation. 

The  RS-20  sample  readily  spalled  after  the  first  cycle.  The  weight 
gain  for  the  RS-20  between  6.25  and  25  hours  is  due  to  the  rapid  oxidation 
and  lack  of  spalling  on  this  thermal  cycle.  This  test  was  aborted  after  25 
hours  because  of  the  sample's  poor  performance.  Several  very  interesting 
reactions  occurred  during  the  oxidation  testing  of  this  sample.  Figure  6a 
shows  a  cross  section  of  the  RS-20  sample  with  cracks  parallel  to  the 
substrate  and  large  areas  of  internal  oxidation.  Four  distinct  regions  can 
also  be  seen,  points  A-D.  These  areas  were  examined  in  the  SEM  using  EDS 
and  SSQ;  compositions  are  given  in  atomic  percent.  Point  A  indicates  the 
unaffected  base  alloy,  s  NiAl,  with  49.6  Ni  and  50.4  Al.  Point  B  indicates 
a  narrow  dealloyed  zone,  still  s  NiAl,  with  56.7  Ni  and  43.3  Al.  Point  C 
indicates  a  large  band  with  precipitates,  Y' ,  with  74.4  Ni  and  25.6  Al.  And 
Point  D  indicates  interned,  precipitates,  y\  with  74.8  Ni,  21.2  Al,  and  4 
Ti. 


The  oxide  also  shows  variable  compositions.  These  variations  are 
indicated  by  points  E-G  in  Figure  7,  a  backscattered  electron  image  (BEX)  of 
the  RS-20  sample  after  a  25  hour  exposure  at  1200°C.  Point  E  shews  a  dark 
continuous  phase;  presumably  AljO,  since  only  Al  was  detected.  Point  F  shews 
a  light  grey  precipitate  in  the  Al^Oj,  most  likely  Ti02,  since  only  Ti  was 
detected.  Point  G  shows  a  white  dispersed  phase  which  consisted  of  86.25 
Ni,  9  Al,  and  4.75  Ti. 

Table  II  shews  the  weight  changes  after  the  100  hour  exposure.  The 
specific  mass  change  increases  with  increasing  volume  fraction  of  TiBj  far 
the  RS  processed  material. 


Table  rr. 


Mass  changes  after  100  hour 
exposure  (mg/cm2) . 


Sample 

800°C 

1000°C 

1200°C 

RS-0 

.17 

.57 

-.42* 

XD-10 

.21 

.46 

2.40 

RS-10 

.22 

.66 

27.55 

RS-20 

.48 

.91 

12.60*+ 

250  M.m 


*  test  was  terminated  after  25  hours 
+  sample  initially  spalled 


Figure  7  Backscattered  electron 
image  of  the  oxide  on  NiAl/20  TiB, 
exposed  at  1200°C  for  25  hours;  note 
the  three  distinct  phases. 
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1.  At  800,  1000,  and  1200°C  the  oxidation  resistance  of  RS  NiAl  rein- 
farced  with  TiBj  decreases  with  increasing  volume  fraction  reinforcement. 

2.  The  reinforcing  phase  morphology  affects  the  oxidation  resistance  with 
small  particles  being  less  detrimental  to  the  oxidation  resistance  than 
large  ones. 

3.  NiAl  reinforced  with  large  TiBj  particles  is  completely  oxidized  at 
temperatures  in  excess  of  1000tfC,  fortunately,  the  mechanical  property 
limitation  for  NiAl  with  large  TiBj  particles  also  seems  to  be  1000°C 
[4], [16]. 

4.  .  XD-NiAl/lOTiBj  has  superior  oxidation  resistance  to  the  RS-NiAl/ lOTiBj 
at  1000  and  1200°C. 
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